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ABSTRACT 
Evaluation of a Side-By-Side Full-Scale Biofiltration 
Conversion in a Nutrient-Limited Environment 
by 
Stetson S. Bassett, Master of Science 
Utah State University, 2018 
 
Major Professor: Dr. David K. Stevens 
Department: Civil and Environmental Engineering 
 
In the last few decades, biological filtration, or biofiltration, has proven to be a 
promising practice within the water industry. Though biofiltration treatment plants are 
becoming more prevalent, the operational practices required to convert to and maintain 
biologically active filters are still not well understood, especially in carbon-limited 
environments. Therefore, the purpose of this study was to evaluate the water quality and 
operational trends of a side-by-side full-scale biofiltration conversion and to determine the 
impact of pre-chlorination elimination on filter performance. 
Four of twelve filters at the Quail Creek Water Treatment Plant, located in 
Hurricane, Utah, were used to test the plant’s ability to operate in biological mode. One 
acted as a control and ran similar to the other eight filters in the treatment plant. The other 
three were converted to biofilters by quenching the influent chlorine residual with 
thiosulfate. Of the three biofilters, one was a standard biofilter (i.e. no pre-chlorination, 
non-chlorinated backwash), the second had chlorinated backwash, and the third had 
nitrogen and phosphorus supplementation with non-chlorinated backwash. 
The experimental conversion lasted one year, resulting in a recommendation to 
convert all the filters to biologically active, but without nutrient enhancement. The influent 
water was found to be low in organic carbon (total organic carbon < 2 mg/L and carboxylic 
acids < 50 μg-C/L), which resulted in small differences among filters in adenosine 
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triphosphate (ATP) or extra cellular polymeric substances (EPS) concentrations (median 
differences ranging from 175 – 2,300 ng ATP/cm3 and 0.00 to 0.08 mg glucose/g TS, 
respectively). Disinfection by-products (DBPs) were lower in the biofilters relative to the 
control (~11.3 and 22.9 μg/L median difference for HAA5s and TTHMs, respectively), 
despite finding no measureable differences in organic carbon removal between filters. 
Biological conversion resulted in slightly higher (~0.014 NTUs) and more variable (~0.013 
NTUs) final effluent turbidity values compared to the non-biological filters. The unit filter 
run volumes (UFRVs) were unaffected by the conversion, except in the nutrient-enhanced 
biofilter. Overdosing nutrients (at C:N:P - 100:20:50) resulted in longer backwash times 
and rates and caused the nutrient enhanced biofilter to experience frequent, early turbidity 
breakthrough. 
 (147 Pages)  
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PUBLIC ABSTRACT 
Evaluation of a Side-By-Side Full-Scale Biofiltration 
Conversion in a Nutrient-Limited Environment 
Stetson S. Bassett 
In order to meet increasing water demands and more stringent regulations drinking 
water treatment plant managers must continually look to new treatment strategies and 
optimization techniques. One such strategy is to eliminate chlorine residual before 
filtration, allowing indigenous bacteria already present in the source water to grow on the 
filter media. These microorganisms help improve effluent water quality by increasing 
organic and inorganic contaminant removal. The process is known as biological filtration, 
or biofiltration. The implications of converting a conventional filtration plant (not 
specifically designed for biofiltration) to a biofiltration plant are still not well understood. 
Therefore, the purpose of this study was to evaluate water quality and operational trends 
of a side-by-side full-scale biofiltration conversion at the Quail Creek Water Treatment 
Plant (QCWTP), located in Hurricane, Utah, and to determine the impact of pre-
chlorination elimination on filter performance. 
Four of twelve filters at the QCWTP were used to test the plant’s ability to operate 
in biological mode. One acted as a control and ran similar to the other eight filters in the 
treatment plant. The other three were converted to biofilters by quenching the influent 
chlorine residual with thiosulfate. The experiment lasted one year, so filter performance 
could be evaluated in each season. The results from the study indicated that the influent 
water was low in organic carbon (i.e. food for microorganisms), which resulted in small 
differences in biological activity between filters. Disinfection by-products (DBPs) (i.e. 
cancer causing agents created from the combination of chlorine and organic matter) were 
lower in the biofilters relative to the control. Biological conversion resulted in slightly 
higher and more variable final effluent turbidity values (though still within EPA drinking 
water standards and operational goals) compared to the non-biological filters; however, 
filter run times were unaffected.    
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CHAPTER 1 
INTRODUCTION AND OBJECTIVES 
Treatment technologies and operational practices are constantly evolving within the 
drinking water industry. Drinking water utilities are required to consistently produce water 
that meets regulations that are becoming more and more stringent. Therefore, finding new 
operational practices to improve drinking water quality is always on the horizon. In the last 
few decades, biological filtration, or biofiltration, has proven to be a promising practice 
within the water industry. By definition, biological filtration is an operational practice of 
managing and maintaining biological activity within the rapid rate (2 – 10 gpm/ft2), on 
granular, aerobic drinking water filters (Upadhyaya et al. 2017). Biofiltration is similar to 
conventional treatment, in that water is filtered at the rapid rate, but differs because, unlike 
in conventional treatment, biological activity is not suppressed on filters so that the 
microbial removal of organic and inorganic constituents is enhanced (Upadhyaya et al. 
2017). The benefits of biofiltration over conventional treatment can include: (1) a decrease 
in bacterial regrowth in the distribution system by the reduction of more easily oxidized 
organic matter, (2) a reduction of disinfection by-product (DBP) formation potential by 
reducing the content of DBP precursors, (3) a decrease in oxidant demand in the clearwell, 
and (4) improved water aesthetics such as taste and odor (Chaudhary et al. 2003; Crittenden 
et al. 2012; Evans et al. 2013b; Urfer et al. 1997). As the benefits of biofiltration are 
becoming better known, more utilities are inclined to convert their filters to biological 
mode (Zhu et al. 2010). However, the implications of converting a conventional filtration 
plant (not specifically designed for biofiltration) to a biofiltration plant are still not well 
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understood. In this study, three out of twelve filters at a conventional surface water 
filtration plant in Hurricane, Utah were converted to biofilters and their performance (i.e., 
hydraulic performance and water quality) was evaluated against the non-biological filters 
for one year. 
 
1.1 Problem Statement 
The potential benefits of biological filtration have led many drinking water 
treatment plants to convert their conventional filtration system to a biologically active 
system (Upadhyaya et al. 2017). This is most commonly accomplished by eliminating pre-
chlorination in the treatment process. However, system upsets (i.e., turbidity breakthrough, 
manganese release, water quality deterioration, etc.) are sometimes experienced by plants 
that convert to biological mode (Upadhyaya et al. 2017). In order to mitigate these 
problems, a better understanding of possible operational challenges would greatly benefit 
water utilities. 
 
1.2 Objectives 
 The objectives of this study were to: 
1. Evaluate the impact of conversion to biofiltration on water quality and hydraulic 
performance across three selected types of biofilters (i.e., standard biofilter, 
biofilter with chlorinated backwash, and nutrient-supplemented biofilter) and 
compare to a simultaneously operated control filter at the Quail Creek Water 
Treatment Plant (QCWTP) in Hurricane, UT.  
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2. Determine the impact of pre-chlorination elimination on filter performance. 
3. Provide operational and monitoring guidance to water treatment operators at 
QCWTP. 
The QCWTP began evaluating biological filtration at full-scale in August 2016 
after a one month transition period following equipment modification. Four of twelve 
filters were used to test the plant’s ability to operate in biological mode. One filter was 
used as a control and the other three operated as the different types of biofilters described 
above. Under normal operation the plant applies chlorine at the intake of the source water 
from two open reservoirs and a river; therefore, the flow to all three biofilters required de-
chlorination with thiosulfate upstream of the test filters to encourage biological growth. Of 
the three biofilters, one had no pre-chlorination with chlorinated backwash, a second was 
a standard biofilter (no pre-chlorination with de-chlorinated backwash), and the third was 
an engineered biofilter (no pre-chlorination, de-chlorinated backwash, with nitrogen and 
phosphorus supplementation). Each test filter was monitored for organic carbon 
concentration, biological activity, and a variety of typical water quality parameters. 
Different forms of carbon, nitrogen, and phosphorus were monitored across the filters to 
establish C:N:P ratios and evaluate nutrient abundance. Samples of the biofilter media were 
analyzed at the end of each filter run to determine biological activity via ATP activity 
assays. Hydraulic performance (i.e., effluent turbidity, run time, unit filter run volume 
(UFRV), backwash time, etc.) of the test filters was also evaluated against the conventional, 
rapid sand (non-biological) filters at the plant. 
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The majority of biofiltration studies show results before and after conversion of a 
filter from conventional to biofiltration operation (Stoddart and Gagnon 2015; Upadhyaya 
et al. 2017). This study is unique, for biologically active filters and non-biologically active 
filters were compared in parallel and in real time; thus, removing differences in raw water 
quality typically observed from month to month. Since only selected filters were converted 
to biofilters, finished water could be blended with conventionally treated water before 
distribution, and operators could revert back to conventional filtration in case the 
performance was not satisfactory.  
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Background 
2.1.1 Historical background 
 The use of filters to produce clean water has been practiced for thousands of years. 
Writings from India describing filtration through sand and gravel date back to around 2000 
BCE (Crittenden et al. 2012). Hippocrates implemented filtration through cloth bags and 
the Romans used sand banks to naturally filter lake water (Crittenden et al. 2012). But, the 
commercial application of filters for water treatment did not begin in Europe until the early 
1800’s (Crittenden et al. 2012; Lauderdale and Brown 2011). Systems quickly evolved, 
which led James Simpson, a Civil Engineer with the Chelsea and Lambeth Waterworks 
Company, to develop the first modern slow sand filter in 1829 in London (Baker 1948). 
The filter provided enough surface area and detention time to allow microorganisms to 
degrade contaminants in the source water; it was among the first to use biological activity 
in water treatment. The success of Simpson’s system led to the widespread development 
of slow sand filters throughout Europe and North America (Lauderdale and Brown 2011). 
As populations grew and the need for clean water increased, the use of slow sand filters 
became less feasible since they required a large surface area, low turbidity source water, 
and low filtration rates (0.04-0.08 gpm/ft2 or 0.03-0.05 L/m2/s) (Crittenden et al. 2012). 
This eventually led to the development of rapid filtration systems. The first municipal rapid 
sand filtration plant was built in Somerville, New Jersey in 1885 (Crittenden et al. 2012). 
Rapid sand filters quickly became commonplace for they required less space, had higher 
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filtration rates (2-10 gpm/ft2 or 1.4 to 6.8 L/m2/s), and had better water treatment 
performance (Crittenden et al. 2012; Lauderdale and Brown 2011). By the end of the 
twentieth century practically all water utilities used rapid sand filtration and chlorine 
disinfection at their facilities (Crittenden et al. 2012). 
Rapid rate biological filtration, or biofiltration, did not begin to surface until after 
the recognition of disinfection by-products and the regrowth of microorganisms in 
distribution pipe lines (Chaudhary et al. 2003). Biofiltration involves filtration through 
traditional granular media (e.g., sand, anthracite, or granular activated carbon (GAC)) and 
the elimination of chlorine residual on the filter bed (Evans et al. 2013b). Diminished 
chlorine residual allows heterotrophic bacteria to colonize on the surface of the media and 
create a biofilm that is capable of degrading various organic contaminants and other 
micropollutants (Crittenden et al. 2012; Evans et al. 2013b). The implementation of 
biological filtration for the removal of organic material started in Europe in the 1970’s 
(Evans et al. 2013b; Uhl 2008), but did not begin appearing in North America until the late 
1980’s (Uhl 2008). Biofiltration has not been well received in North America because the 
general practice has been to eliminate bacterial growth in drinking water treatment systems, 
but that mentality is slowly shifting (Evans et al. 2013b; Zhu et al. 2010). The benefits of 
biofiltration include the enhanced removal of natural organic matter, decrease in bacterial 
regrowth in distribution pipes, reduction of DBPs, reduction of chlorine demand, removal 
of metals, and decreased taste and odor problems (Chaudhary et al. 2003; Evans et al. 
2013b; van Hullebusch et al. 2003; Srivastava and Majumder 2008; Urfer et al. 1997; Zhu 
et al. 2010). 
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As biofiltration gained wider acceptance in the water treatment industry, new 
improvement strategies began to surface to increase efficiency without impacting 
operational practices or costs. Lauderdale et al. (2012) were among the first to implement 
what is known as “engineered biofiltration”, which changes biofiltration from a passive 
process to a purposeful operation designed to target multiple water quality objectives 
without compromising hydraulic performance. The study tested the addition of nutrients 
(nitrogen and phosphorus) and hydrogen peroxide and found that the addition of 
phosphorus decreased head loss by 15% and increased DOC removal by 75% at the John 
F. Kubala Water Treatment Plant in Arlington, Texas. Several biofiltration plants are now 
moving toward engineered filtration in order to optimize their filters and improve water 
quality.  
 
2.1.2 Duchesne Pilot-Scale Study 
 In April 2015, in cooperation with Utah State University, Utah Division of Drinking 
Water, Utah Public Health Laboratory, and the US Geological Survey, the Central Utah 
Water Conservancy District (CUWCD) began a pilot scale study on biological filtration at 
the Duchesne Water Treatment Plant (DWTP) in Duchesne, Utah. The plant receives water 
from Starvation Reservoir. The primary objective of the study was to assess the 
optimization of biofiltration at pilot scale. The experiment was designed to track the 
performance of three different types of pilot biofilters.  
The pilot plant received raw, non-chlorinated water from the DWTP dosed with 1 
mg/L of ozone. The water was diverted and ferric chloride (FeCl3) and polyelectrolyte 
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complexes (PEC) were added to a static rapid mixer. The mixer was dosed with 3 mg/L 
FeCl3 and 0.5 mg/L PEC from May 2015 to June 2015. The concentrations were adjusted 
to 6 mg/L FeCl3 and 2 mg/L PEC from July 2015 to the end of the study period. Flow then 
passed through a flocculator with three basins, each with a residence time of 12 min and a 
shear rate, G, of 35 1/sec. After settling, the flow was split among the three filters (Figure 
1). The pilot filters were 6-inch diameter columns with ~50 inches of anthracite over ~10 
inches of sand, resulting in a media cross-sectional area and volume of 0.20 ft2 and 0.98 
ft3, respectively. The filtration rate for each filter was 4.8 gpm/ft2, resulting in an empty 
bed contact time (EBCT) of 7.8 minutes. This was similar to other pilot biofiltration studies 
where the EBCTs ranged from ~7 to 15 minutes (Azzeh et al. 2015; Granger et al. 2014; 
Lauderdale et al. 2012; McKie et al. 2015). The filters were backwashed every 20-50 hours 
after either turbidity or the head loss exceeded guidelines (0.1 NTU or 6 ft of accumulated 
head loss). One pilot filter was a standard biofilter (no pre-chlorine and non-chlorinated 
backwash), one had chlorinated backwash, and the last was an engineered biofilter (no pre-
chlorine, non-chlorinated backwash, and supplementation with nitrogen and phosphorus). 
The engineered biofilter began nitrogen and phosphorus augmentation (1 mg-P/L and 1 
mg-N/L as phosphoric acid and ammonium hydroxide) on May 11, 2015 until the end of 
the study period. During operation of the pilot-scale systems, each pilot treatment train was 
monitored weekly from May 2015 through October 2015, monthly from November 2015 
to April 2016, and weekly again from May 2016 until June 2016. Samples were collected 
and analyzed for temperature, total dissolved solids (TDS), pH, dissolved oxygen (DO), 
specific conductance (EC), turbidity, head loss, run time, total organic carbon (TOC), 
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UV254 absorbance (UVA), specific UV absorbance (SUVA), carboxylic acids (CBXAs), 
adenosine triphosphate (ATP), and heterotrophic plate count (HPC). The weekly collection 
of assimilable organic carbon (AOC), total trihalomethanes (TTHM), and five haloacetic 
acids (HAA5) samples began May 2016 and ended June 2016. 
 
 
Figure 1. Duchesne pilot plant schematic 
 
The results from the study indicated that all three pilot biofilters had similar run 
times and efficiently removed organic compounds and DBPs at comparable levels. 
However, slightly higher effluent turbidity and particle count was observed in the nutrient 
enhanced biofilter. As the Duchesne study came to a close, Washington County Water 
Conservancy District (WCWCD) came forward and accepted an invitation to have their 
Quail Creek Water Treatment Plant (QCWTP) in Hurricane, Utah implement biofiltration 
at full-scale.  
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2.2 Contaminants of Concern 
 The list of known drinking water contaminants is long and daunting. Drinking water 
utilities are required to monitor and remove multiple pollutants simultaneously, while 
trying to optimize plant performance. In comparison to conventional filtration, biofiltration 
is known to produce equal or better quality water with minimal chemical requirements 
(Upadhyaya et al. 2017). Biofilters remove and reduce contaminants by converting them 
to safer, less toxic, or easily separable compounds (Upadhyaya et al. 2017). Though there 
are many contaminants of concern in the drinking water industry, this literature review will 
only focus on the contaminants that are relevant to the QCWTP and to this study. 
 
2.2.1 Natural Organic Matter 
 The term natural organic matter (NOM) is used to represent the complex group of 
naturally occurring organic substances that are found in all natural water bodies. Originally, 
the concern for NOM in the drinking water industry mostly related to aesthetic issues; high 
concentrations of NOM can generate a yellow or brown hue in water and create taste and 
odor problems (Crittenden et al. 2012). After the discovery of DBPs, the presence and 
removal of halogenated NOM became a much larger issue for water utilities. Multiple 
strategies were created to remove NOM before chlorine addition to help reduce DBPs. 
These methods include: enhanced coagulation, adsorption on activated carbon, 
ozone/biofiltration, ion exchange, and reverse osmosis (Crittenden et al. 2012). In regard 
to biofiltration, numerous studies have shown significant NOM removal across 
biologically active filters (Carlson and Amy 1998; Evans et al. 2013b; LeChevallier et al. 
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1992; Urfer et al. 1997). Studies have shown that biofiltration typically removes 10 to 20 
percent of organic carbon, but removals have been seen to vary between 5 and 75 percent 
(Upadhyaya et al. 2017). 
NOM is composed of carbon, hydrogen, oxygen, and nitrogen of varying elemental 
fractions (Thurman 1985). NOM’s composition and concentration varies widely between 
sources and seasons, making it difficult to characterize (Crittenden et al. 2012; Fabris et al. 
2008). Because of its complexity, measuring individual compounds in NOM as a whole is 
impractical. Instead, NOM is quantified through other surrogate measurements. The most 
common NOM indicators in the water industry are total organic carbon (TOC), dissolved 
organic carbon (DOC), biodegradable dissolved organic carbon (BDOC), assimilable 
organic carbon (AOC), UV254 absorbance (UVA), specific UV absorbance (SUVA), and 
carboxylic acids (CBXAs) (Crittenden et al. 2012; Evans et al. 2013a; b). The use and 
application of each parameter is dependent on water quality objectives and water matrix 
characteristics. TOC and DOC are most commonly measured because they are inexpensive 
and easy to quantify and are known to be a major component of NOM (Singer 1995). 
Complex structures containing rings and double bonds strongly absorb UV radiation. NOM 
generally contains such complex structures, thus making UV254 a good surrogate 
measurement for organic compounds (Evans et al. 2013a). TOC/DOC and UV254 tend to 
correlate well when NOM is less oxidized (Evans et al. 2013b). UV254 generally provides 
more precise results; therefore, it can be used over TOC/DOC if a good correlation can be 
made. SUVA is calculated by dividing UV254 by DOC and is an indicator of how likely 
DOC is to form DBPs (Crittenden et al. 2012). AOC and BDOC are used to measure the 
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more biodegradable forms of NOM. AOC is defined as the fraction of TOC that is used by 
bacteria to grow and BDOC is defined as the fraction of organic carbon that is degraded by 
microorganisms (Evans et al. 2013b). BDOC can be estimated by observing the amount of 
DOC removed from the filter during baseline conditions (Evans et al. 2013a; Lauderdale 
and Brown 2011; Maclean et al. 1996). Elevated concentrations of AOC and BDOC 
normally lead to regrowth in distribution systems (>120 µg acetate C/L of AOC) 
(LeChevallier et al. 2015). 
Ozonation is typically introduced before biological filtration to break up complex 
molecules into more biodegradable components (Carlson and Amy 1998; Emelko et al. 
2006; Juhna and Melin 2006). These smaller, more biodegradable compounds are easily 
trapped and consumed by biological activity on a filter, decreasing bacterial regrowth in 
the distribution system. Additionally, ozonation is known to increase the life of GAC, 
increase NOM removal through adsorption on GAC, and reduce oxidant demand and DBP 
formation potential (Upadhyaya et al. 2017). Carboxylic acids (acetate, formate, and 
oxalate) are common low-molecular weight byproducts of the ozonation of NOM 
(Crittenden et al. 2012) and can be used as a surrogate to estimate the amount of AOC in a 
system that uses pre-oxidation, since AOC analysis is an expensive and time consuming 
test (Evans et al. 2013b). The sum of carboxylic acids correlated well with AOC if 
concentrations were above 400 μg-acetate-C/L (Evans et al. 2013a). If a system does not 
have pre-oxidation, carboxylic acids concentrations are expected to be low. 
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2.2.2 Disinfection By-products 
 Chlorine has been used in the water industry for disinfection for over 100 years 
(Crittenden et al. 2012). The primary objective of chlorine disinfection is to provide clean, 
pathogen-free water to the public, but it also provides additional benefits such as the 
elimination of color and reduction of taste and odor problems. The discovery of 
trihalomethanes (THMs) and other halogenated DBPs in the early 1970’s led to new 
regulations, which placed some water utilities in a position of having to either reduce 
chlorine to meet the DBP regulations or face non-compliance with the disinfection 
requirements and thus potentially expose the public to waterborne diseases (Crittenden et 
al. 2012; Singer 1995). This dilemma led to the development of strategies designed to 
reduce DBPs without compromising public safety. A few methods that are typically 
implemented are: (1) NOM removal before chlorine addition, (2) the use of alternative 
oxidants and disinfectants, (3) reduction of contact time by placing chlorine addition 
further down the treatment train, or (4) air stripping (Crittenden et al. 2012; Singer 1995). 
The focus on DBPs sparked an interest in biofiltration as a means to reduce NOM 
concentrations and minimize chlorine addition. Since then, multiple studies have 
demonstrated the benefits of biofiltration as a method to remove DBP precursors (Azzeh 
et al. 2015; Leach et al. 2009; McKie et al. 2015). 
 Currently, total trihalomethanes (TTHMs) and five haloacetic acids (HAA5s) are 
the main chlorinated byproducts that are regulated under the Disinfectants/Disinfection By-
products (D/DBP) Rule (EPA 2006). The Maximum Contaminant Levels (MCLs) for 
TTHMs and HAA5s are 80 and 60 μg/L, respectively (EPA 2006). DBPs are a concern to 
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drinking water utilities for they are known to be associated with bladder, colon, and rectal 
cancer (Singer 1995). There are countless DBPs associated with other disinfectants that are 
known to have adverse health effects, but the focus of this study is on TTHMs and HAA5s. 
 
2.2.3 Manganese Release 
 Manganese (Mn) is not part of the filter media, but can accumulate on the media 
over time from the source water. Therefore, a common concern when converting to 
biofiltration is manganese release from filter media. The secondary MCL from the EPA is 
effluent manganese concentrations below 0.05 mg/L (Granger et al. 2014). Particulate 
manganese (Mn+4 in the form of MnO2(s)) is easily removed through the sedimentation and 
flocculation process. However, dissolved manganese (Mn+2) is more difficult to manage 
and requires intentional mitigation. The most common strategies for removing Mn+2 are: 
(1) oxidation (i.e., with permanganate, chlorine dioxide, ozone) followed by particle 
removal (i.e., sedimentation, flocculation, etc.) and (2) the use of filter media specifically 
designed to remove Mn+2 through adsorption and oxidation (Lauderdale et al. 2016). The 
adsorption and surface oxidation processes can be explained by the following equations 
(Lauderdale et al. 2016): 
Mn(II) + Oxidant  MnO2(s) (oxidation – slow reaction rate) 
Mn(II) + MnO2(s)  Mn(II) – MnO2(s) (adsorption – fast reaction rate) 
Mn(II) – MnO2(s) + Oxidant  MnO2(s) (oxidation – slow reaction rate) 
Therefore, in the presence of an oxidant (e.g., chlorine), the filter media becomes coated 
with manganese oxides and continuous application of an oxidant is then required to oxidize 
15 
Mn+2 and regenerate adsorption sites (Lauderdale et al. 2016). The removal of a pre-oxidant 
can result in the release of manganese into the distribution system causing color, turbidity, 
and taste problems, resulting in customer complaints. 
 In order to reduce the release of Mn into the finished water a variety of strategies 
have been investigated. Media replacement or chemical washing are two common 
solutions; however, these strategies can be costly. Lauderdale et al. (2016) found that 
enhancement strategies (nutrient addition and pH adjustment) helped mitigate Mn release 
without comprising hydraulic performance during a biofilter conversion pilot study. 
Upadhyaya et al. (2016) also suggested that adding a non-chlorine oxidant can help 
improve manganese stability if a release is experienced. 
 WCWCD replaced their filter media at the QCWTP shortly before the full-scale 
evaluation began. Therefore, it was determined that manganese release would be minor due 
to the short manganese oxide accumulation period. 
 
2.3 Design and Operations 
 Proper operational practices are essential at a full-scale water treatment plant in 
order to obtain optimal filter performance. There are many design criteria that need 
consideration while constructing and operating a full-scale water treatment plant; these 
criteria also apply when a plant is considering conversion to biofiltration. 
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2.3.1 Filter media type 
 The typical media configuration for biofilters, and most conventional gravity filters, 
is a dual media system with sand as the base layer and anthracite or GAC as the top layer. 
The purpose of granular media is to remove particles through adsorption, biodegradation, 
interception, and screening mechanisms. 
 An important consideration is filter media type. For a biofilter to perform 
efficiently, the media should provide a suitable surface for biological activity, including 
large surface area and high surface texture to foster growth and protect biomass from shear 
stresses (Chaudhary et al. 2003). Multiple studies have been conducted to decipher 
differences in performance between GAC and anthracite media. Typically GAC is a better 
choice, for GAC has higher contaminant removal efficiencies at low temperatures 
(Crittenden et al. 2012; Emelko et al. 2006; LeChevallier et al. 1992; Liu et al. 2001; Urfer 
et al. 1997), can hold more biomass due to its larger surface area and irregular surface and 
interior pore structure (LeChevallier et al. 1992; Urfer et al. 1997; Wang et al. 1995), 
provides better protection for microbes against shear stresses and chlorinated backwash 
(Liu et al. 2001; Wang et al. 1995), can better remove biodegradable substances from the 
water, making them more available to the attached biomass (Lauderdale and Brown 2011; 
Liu et al. 2001), has a faster recovery and acclimation period (Upadhyaya et al. 2017; Urfer 
et al. 1997), and has the ability to adsorb dissolved contaminants (Upadhyaya et al. 2017). 
During biofiltration conversion a plant might consider media replacement, either to GAC 
or new anthracite media. However, this is an expensive process; therefore, water quality 
objectives and cost should be considered before media replacement. 
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 To promote efficient particle removal appropriate filter depth, media effective size 
(ES = d10, the particle diameter that is smaller than 90% of all the particles, by weight) and 
uniformity coefficient (UC = d60/d10) should also be established. ES indicates the media 
size and UC represents the distribution of media sizes (i.e., whether most of the media are 
the same size). Typical properties of conventional filters for media and filter depth are 
shown in Table 1 (Crittenden et al. 2012). 
 
Table 1. Typical properties of conventional filters for media and filter depth (Crittenden 
et al. 2012). 
Property Unit Type Sand Anthracite GAC 
ES mm - 0.4 – 0.8 0.8 – 2.0 0.8 – 2.0 
UC UC - 1.3 – 1.7 1.3 – 1.7 1.3 – 2.4 
Depth in. Common 9 – 12 18 – 24 18 – 24 
Depth ft. Deep-bed 0.75 – 1 5 – 6 5 – 6 
 
2.3.2 Temperature 
 Temperature typically cannot be controlled, but it is a variable that has a significant 
impact on treatment performance. Lower temperatures normally denote lower removal 
efficiencies and a decrease in microbial activity. Moll et al. (1999) found that at low 
temperatures (~5°C) there was less removal of TOC, THM precursors, AOC, and chlorine 
demand. They also found that biomass and substrate metabolism decreased and that there 
were large changes in microbial community structure (Moll et al. 1999). Emelko et al. 
(2006) established that removal efficiencies for oxalate and TOC were smaller at low 
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temperatures (1-3°C) and that GAC had better removal at lower temperatures than 
anthracite. Other studies had similar findings (Azzeh et al. 2015; Hallé et al. 2015; Pharand 
et al. 2015). Therefore, seasonal temperature fluctuations should be considered as well as 
water chemistry. Moll et al. (1999) suggest that in order to meet treatment objectives at 
cold temperatures a higher empty bed contact time (EBCT) may be necessary. 
 
2.3.3 Empty Bed Contact Time 
 Contact time, expressed as empty bed contact time (EBCT), is a key variable when 
it comes to organic matter removal through filtration. It was introduced by Zhang and Huck 
(1996) and can be adjusted by changing either the loading rate or filter bed depth. 
Dimensionless EBCT is a measure of EBCT in relation to the specific area of the media 
and the diffusivity and biodegradation of the substrate (Urfer et al. 1997; Zhang and Huck 
1996). Carlson and Amy (1998) and others (Chaudhary et al. 2003; Urfer et al. 1997) 
suggested that EBCT and not hydraulic loading rate is the key parameter for biodegradable 
organic matter (BOM) (e.g., DOC and carboxylic acids) removal. 
 Previous studies have shown that 90% removal of BDOC could be achieved with a 
EBCT of 10-20 minutes (Prevost et al. 1995). However, this is a general assumption and 
the EBCT should be considered on case-by-case bases. Urfer et al. (1997) suggest that 
EBCT should be dependent on water quality objectives, for the removal of chlorinated 
byproducts requires a longer contact time than ozonated byproducts such as AOC. This 
was further established by Hallé et al. (2015) who found that contact time was dependent 
on the compound. In Evans et al.'s (2013b) study, EBCTs ranged from 2.5 to 18 minutes 
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at 21 different full-scale biofiltration plants. Studies have consistently shown that 
increasing EBCT removes more biodegradable compounds (Carlson and Amy 1998; Hallé 
et al. 2015; LeChevallier et al. 1992), but site specific circumstances must be properly 
considered when establishing an appropriate contact time. 
 
2.3.4 Backwash procedure 
 Proper backwashing techniques are important in order to maintain a healthy 
microbial community to obtain optimal hydraulic performance from a biofilter. Too much 
growth can lead to biofouling and increased head loss, whereas too little growth can result 
in decreased filter efficiency. In order to attain sufficient biological growth on a filter 
several backwashing conditions should be considered, including frequency, rate, duration, 
percent bed expansion, air scour, pulsing, and addition of chlorine (Lauderdale and Brown 
2011). 
 A backwash is normally triggered by one of the three different criteria: head loss, 
run times, or turbidity breakthrough. The backwashing frequency is highly dependent on 
plant operation and can range from less than 12 hours to more than 48 hours (Lauderdale 
and Brown 2011). The goal of most plants is to increase filter run lengths without impacting 
filter performance. For conventional plants that can be achieved by backwashing with a 
combination of air and water; this creates collapse pulsing conditions, which effectively 
removes particles from the media (Urfer et al. 1997). Initially, there was a concern that air-
scour might be detrimental to biofilms, but multiple studies concluded that air scour had 
no significant impact on biofilter performance (Ahmad et al. 1998; Emelko et al. 2006; Liu 
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et al. 2001). Another concern was that the addition of chlorine into biofilter backwash 
would have a negative impact on microbial growth. Liu et al. (2001) as well as others 
(Ahmad et al. 1998; Miltner et al. 1995; Wang et al. 1995) found that chlorinated backwash 
adversely affected biomass concentration as well as BOM removal, especially at low 
temperatures with anthracite media. Studies suggest that chlorinated backwash should be 
avoided, except for intermittent control of biomass buildup (Liu et al. 2001). Once again, 
site-specific variability and treatment objectives should be considered when determining 
appropriate backwashing strategies. 
 
2.3.5 Acclimation period 
 Another important consideration is the time required to reach steady-state 
biological activity, or the acclimation period. Wang et al. (1995) demonstrated that this 
time could vary greatly with different parameters; steady state periods ranged from 2 to 99 
days for non-chlorinated filters in their study. In a pilot-scale study, Liu et al. (2001) 
suggested an acclimation period of 20 to 40 days for easily biodegradable material at 20°C. 
In natural surface waters, Chaudhary et al. (2003) proposed an approximate 3-month period 
to reach the maximum amount of biomass on GAC filters. Stoddart et al. (2016) found that 
biomass reached steady state after 220 days (~7 months) of full-scale operation on 
anthracite media. Factors such as chlorinated backwash, media type, and temperature can 
all affect acclimation time, thus making the acclimation period highly variable and site 
specific. 
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2.4 Microbial Growth 
 Maintaining a healthy microbial community on a biofilter is a common challenge 
for drinking water utilities. A healthy and diverse community can increase biodegradation 
of contaminants and promote biologically stable water (i.e., decrease regrowth in the 
distribution system), whereas an uncontrolled population can lead to filter clogging and the 
release of toxins and other harmful substances.  
 
2.4.1 Biofilm Formation 
 In a biofiltration system, dissolved organics are removed mostly through 
biodegradation on filter media rather than physical straining (Chaudhary et al. 2003). 
Microorganisms gradually attach and grow on filter media, creating a slime known as a 
biofilm (Figure 2). Biofilms can be found almost anywhere in natural environments; they 
surround almost all soil particles and water sediments, and more than 99% of all 
microorganisms live in biofilms (van Hullebusch et al. 2003). A biofilm is composed of 
microorganisms, extracellular polymeric substances (EPS), water, as well as other sorbed 
particles (van Hullebusch et al. 2003). A biofilm’s thickness can range from tens of 
micrometers to more than 1 cm and is influenced by flow rate, bedding material, and 
substrate concentrations (i.e., nutrients and organic substances) (Cohen 2001; Srivastava 
and Majumder 2008).  
The three main biological processes that occur on a biofilter are: (1) attachment of 
microorganisms, (2) growth of microorganisms, and (3) decay and detachment of 
microorganisms (Chaudhary et al. 2003; Srivastava and Majumder 2008; Zhu et al. 2010).  
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Figure 2. Biofilm on granular media 
 
2.4.1.1 Attachment 
Indigenous microorganisms already present in the water attach and colonize on 
filter media through several mechanisms, including transport, initial adhesion, firm 
attachment, and colonization (Chaudhary et al. 2003; Srivastava and Majumder 2008). 
Microbes arrive on the media by diffusion, convection, sedimentation, or the active 
mobility of microorganisms (Chaudhary et al. 2003; Srivastava and Majumder 2008) and 
then stick to each other forming microbial aggregates. These masses of microbes then 
adsorb to the film, either as a reversible or irreversible process, depending on the strength 
of the initial biofilm and structure of the film (Zhu et al. 2010). Adhesion is also 
strengthened by the development of the EPS.  
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2.4.1.2 Growth 
The growth of the microorganisms depends on the supply of organics or substrate 
which is controlled through mass transport to the biofilm, diffusion of the substrate to the 
biofilm, and utilization kinetics within the biofilm (Srivastava and Majumder 2008). Other 
factors, such as shear stresses and chlorine, have an impact on the growth and adhesion of 
a biofilm (Zhu et al. 2010).  
The abundance and diversity of microbial species in soil and aquatic systems is 
vast; there is an estimated 10,000 species of microorganisms in a cubic centimeter of soil 
(Paul 2015). However, several experiments have attempted to characterize typical 
microbial communities that colonize filter media and their relative abundance 
(Lautenschlager et al. 2014; Lin et al. 2014; Niemi et al. 2009; White et al. 2012). The 
results from these studies suggest that similar phyla are present in biofilters, specifically 
from the orders Rhizobiales, Sphingomonadales, and Burkholderiales, but the relative 
abundance and genera diversity can be very site specific. 
 
2.4.1.3 Detachment 
The success of a biofilter mainly depends on its ability to maintain the biomass 
attached to filter media. Detachment from biofilms is categorized by two classifications: 
passive detachment and active detachment (Zhu et al. 2010). Passive detachment is defined 
by several mechanisms, including abrasion, erosion, sloughing, filter backwashing, and 
predator grazing (Zhu et al. 2010). Active detachment is recognized as being caused by 
nutrient shifts, dispersion of EPS matrix hydrolyzing enzymes, and cell-to-cell signaling 
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molecules (Zhu et al. 2010). The stages of biofilm development and detachment are shown 
in Figure 3. 
 
 
Figure 3. Stages of biofilm development and detachment (adapted from Mann and 
Wozniak (2012)) 
 
The microorganisms and EPS play a significant role in the sorption and degradation 
of organic and inorganic substances on the biofilm. Microorganisms oxidize or reduce 
materials and EPS building molecules, which contain charge-carrying functional groups, 
sequester minerals, nutrients, and sometimes, metals (van Hullebusch et al. 2003; 
Srivastava and Majumder 2008). A biofilter should house biofilms large enough to trap 
and consume substances, but small enough to not hinder hydraulic performance and 
biostability. 
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2.4.2 Extracellular Polymeric Substances 
The Extracellular Polymeric Substances (EPS) matrix is mostly produced by the 
microorganisms themselves and is composed of polysaccharides and proteins, 
accompanied by nucleic acids, lipids or humic substances (van Hullebusch et al. 2003). 
The typical composition of biofilms is less than 10% microorganisms by dry weight and 
more than 90% extracellular matrix (Flemming and Wingender 2010). However, the size 
and composition of the EPS can vary between biofilms depending on the influence of 
microorganisms, shear stresses, temperature, and nutrients. Flemming and Wingender 
(2010) describes the purpose of the EPS by the following functions: adhesion, aggregation 
of bacterial cells, cohesion of biofilms, retention of water, protective, sorption of organic 
and inorganic compounds, enzymatic activity, nutrient source, exchange of genetic 
information, electron donor or acceptor, and sink for excess energy. The versatility of the 
EPS allows it to survive and thrive in almost any environment. 
The production of the EPS and the availability of nutrients are closely connected. 
Several studies suggest that nutrient limitation leads to higher EPS secretion (Lauderdale 
and Brown 2011; Nirmala et al. 2011; Quelas et al. 2006; Skorupska et al. 2006; Williams 
and Wimpenny 1978). Flemming (2002) suggests that the EPS is the main contributor to 
biofouling and that nutrients are the most important fouling factors. A possible explanation 
for the increased EPS production in nutrient starved conditions is that the EPS can improve 
the capture and storage of the limiting nutrient (Lauderdale and Brown 2011). Since the 
majority of a biofilm’s volume is composed of the extracellular matrix, its development 
has the largest impact on a biofilm’s structure, robustness, and function. Therefore, 
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drinking water utilities might consider monitoring EPS secretion to mitigate biofouling 
problems. 
 
2.4.3 Biological Stability 
 Once water leaves the treatment plant, it still undergoes multiple physical, 
chemical, and biological processes. It is recommended that those reactions be minimized 
in order to produce biologically stable water. Biologically stable water, by definition, is 
produced when all nutrients in the finished water that could promote bacterial growth have 
been sufficiently removed (LeChevallier et al. 2015). A known practice to mitigate water 
instability is the use of chlorine, but despite worldwide chlorine use, disease outbreaks 
continue to occur (Larsson et al. 2008). 
 LeChevallier et al. (2015) found that besides decreasing temperature, which 
normally cannot be controlled, the number one parameter for reducing biofilm formation 
rate is concentration of the residual disinfectant. The next most important factors, after 
disinfectant residual, were water age, corrosion rate, DOC, and AOC. LeChevallier et al. 
(2015) suggested that if chlorine dose cannot be increased then it is recommended that the 
corrosion rate be reduced by phosphate addition or pH/alkalinity adjustment, or that DOC 
and AOC removals are increased through improved coagulation or filtration processes. 
Water utilities should find which type of instability they are facing (i.e., biofilms, loss of 
disinfectant residual, or corrosion) and implement proper strategies to mitigate the 
problems.  
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2.5 Nutrients 
 The utilization of nutrients is essential to the life and productivity of aquatic 
organisms. An over-abundance of nutrients in the natural environment can result in 
eutrophication and water quality problems, whereas the absence of nutrients leads to 
diminished primary production. Growth and productivity are controlled by the rate of the 
slowest sub-process; this concept is known as Liebig’s Law of Minimum (Dodds and 
Whiles 2010). Encompassed within this law is the idea that one or more of the essential 
nutrients can limit the growth of organisms. Studies have shown that nitrogen and 
phosphorus are the most common limiting nutrients in terrestrial, freshwater, and marine 
waters (Elser et al. 2007). Sardans et al. (2012) has indicated that other nutrients, such as 
iron and potassium, can play an important role in aquatic and terrestrial environments. 
However, Vahala et al. (1998) investigated phosphorus and inorganic nutrient (i.e., 
nitrogen, calcium, potassium, magnesium, molybdenum, zinc, copper, cobalt, and sodium) 
addition and found that phosphorus was likely the limiting nutrient. Therefore, it is 
important to understand and evaluate nutrient availability (specifically nitrogen and 
phosphorus) in a water system. 
 
2.5.1 Nitrogen 
 Nitrogen (N) is one of the most abundant elements on the earth and composes 
approximately 78% of the earth’s atmosphere (Dodds and Whiles 2010). The most 
common form of nitrogen is nitrogen gas (N2), but it is seldom considered in aquatic studies 
for it is not very bioavailable because of the energy required to break its triple covalent 
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bond. Nitrogen is typically divided into two categories: inorganic nitrogen and organic 
nitrogen. Total nitrogen (TN) is calculated by summing inorganic and organic nitrogen. 
The two most biologically important forms of dissolved inorganic nitrogen in water are 
ammonium (NH4
+) and nitrate (NO3
-) (Dodds and Whiles 2010). Most aquatic bacteria 
prefer ammonium to other forms of N because it requires less energy to use (Dodds and 
Whiles 2010), but in large quantities ammonia can be poisonous to fish at elevated pH. 
Nitrite (NO2
-) is a less common form of inorganic nitrogen (it’s normally rapidly converted 
to NO3
-), but it can be problematic due to its toxic nature, especially in lower oxygen 
environments. Organic nitrogen comes from multiple sources, e.g., amino acids, proteins, 
or nucleic acids (Dodds and Whiles 2010). 
Seasonal variations play a crucial role in which forms of nitrogen are present in 
water. The forms of nitrogen can vary depending on if water conditions are oxic (has 
oxygen) or anoxic (no oxygen). If oxygen is present, ammonium can be converted to nitrite 
and nitrate through the nitrification process. Under some conditions nitrate can be 
converted back to ammonium in a process called dissimilatory nitrate reduction (DNRA). 
In the absence of oxygen and the presence of organic matter, nitrate can be converted to 
N2 gas through denitrification. In addition to denitrification, nitrite can react with 
ammonium to form N2 through a process call anaerobic ammonium oxidation (anammox) 
(Dodds and Whiles 2010). Certain types of bacteria (generally cyanobacteria) have the 
capability to assimilate N2 gas, which is relatively unavailable to microorganisms, to the 
more available form of ammonium through the nitrogen fixation process.  A representation 
of the nitrogen cycle can be found in Figure 4. Understanding these complex interactions 
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within the nitrogen cycle is important because nitrogen can limit the productivity of a lake 
or river, thus reducing biofiltration capabilities. 
 
 
Figure 4. Nitrogen Cycle 
 
2.5.2 Phosphorus 
 Phosphorus (P) is thought to be the number one limiting nutrient in aquatic habitats 
(Dodds and Whiles 2010; Elser et al. 2007). Phosphorus is typically limiting growth 
processes because it occurs at low levels in the environment; and within natural waters 
only a small portion is carried in soluble (available) forms. Phosphorus exists in two main 
forms: particulate and dissolved. The main dissolved form of phosphorus is orthophosphate 
(PO4); it is the most bioavailable form of phosphate. Within drinking water treatment plants 
phosphorus can be reduced to below detection limits through coagulation and 
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sedimentation processes (Pharand et al. 2015), as both iron and aluminum phosphates are 
insoluble at neutral pH. 
 
2.5.3 C:N:P Ratio 
 The balance of carbon (C), nitrogen (N), and phosphorus (P) plays a vital role in 
the life of all organisms, but the relative ratio of these nutrients to achieve balanced growth 
is still a debated topic. The most well-known ratio is the Redfield ratio, which gives a 
C:N:P molar ratio of 106:16:1 for oceanic phytoplankton (Redfield 1958). Sardans et al. 
(2012) state that this should not be taken as a universal ratio for all organisms; different 
organisms can greatly vary in their optimum C:N:P ratios. Sterner et al. (2008) and Sardans 
et al. (2012) both demonstrated that C:N:P ratios differ between environments and species 
and the optimal balance is dependent on multiple different factors. The recommended 
molar ratio for drinking water bacteria is approximately 100:10:1 (C:N:P), which converts 
to a concentration ratio of 1 mg-C/L : 0.117 mg-N/L : 0.026 mg-P/L of bioavailable C, 
ammonia-nitrogen, and orthophosphate-phosphorus (Lauderdale and Brown 2011; 
LeChevallier et al. 1991). Few studies have demonstrated the impact of overdosing N and 
P, especially at full-scale drinking water treatment plants. Sterner et al. (1998) established 
that high algal C:P ratios inhibited the growth of zooplankton and Azzeh et al. (2015) found 
that a 100:40:20 C:N:P ratio decreased biopolymer removal by 25% at a pilot biofilter. 
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2.5.4 Impact of nutrients on contaminant removal 
The first to promote the idea of “engineered” biofiltration was Lauderdale et al. 
(2012). Since the work of Lauderdale et al. (2012), several other studies have been 
conducted to confirm their findings. The issue is that multiple studies have concluded that 
nutrient addition is beneficial (Fu et al. 2017; Granger et al. 2014; Lauderdale et al. 2012; 
Li et al. 2010; Sang et al. 2003; Yu et al. 2003), whereas others found no significant impact 
(Azzeh et al. 2015; McKie et al. 2015; Pharand et al. 2015; Rahman et al. 2016; Vahala et 
al. 1998). A comparison of the mentioned studies is shown in Table 2, where the column 
“Results” denotes whether the study saw improved contaminant removal or hydraulic 
performance (Fail or Success). 
The contradicting results between each study emphasize that more information is 
needed to better understand the potential benefit of nitrogen and phosphorus augmentation. 
A standard procedure for calculating C:N:P ratios and implementing nutrient enhancement 
would be especially beneficial to water utilities. 
 
2.5.5 Impact of nutrients on EPS production 
 Li et al. (2010) and Fang et al. (2009) studies investigated the effect of phosphorus 
on biofilm formation in terms of growth, EPS production, and microbial community 
function. Li et al. (2010) studied nitrate and perchlorate removals after the addition of 
phosphorus to their biologically active reactors. Li et al. (2010) observed an increase in 
perchlorate reducing bacteria (PRB) (Dechloromonas and Azospira) after phosphorus 
addition, suggesting that phosphorus addition enhanced nitrate and perchlorate removals 
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Table 2. Comparison of nutrient enhancement studies (Azzeh et al. 2015; Fu et al. 2017; 
Granger et al. 2014; Lauderdale et al. 2012; Li et al. 2010; Maclean et al. 1996; McKie et 
al. 2015; Pharand et al. 2015; Rahman et al. 2016; Sang et al. 2003; Vahala et al. 1998; 
Yu et al. 2003). Dashed cells indicate that the information was not given. “Success” 
indicates if a study saw improved water quality or hydraulic performance, “Fail” 
indicates the opposite. 
Paper Type Media Pre-oxidant Contaminant 
Azzeh et al. Pilot A/S & GAC/S Chlorine 
NOM, DBP 
precursor, UF 
fouling 
McKie et al. Pilot A/S & GAC/S 
None or 
Ozone 
DBP precursor and 
genotoxity 
Rahman et al. Pilot A/S/Gravel None NOM, UF fouling 
Vahala et al. Pilot GAC Ozone NOM 
Pharand et al. Full-scale A/S Ozone NOM 
Fu et al. Pilot A/S to GAC Chlorine NOM 
Granger et al. Bench A/S & GAC/S None NOM, Mn 
Lauderdale et al. Pilot GAC/S Ozone NOM, Mn 
Li et al. Bench & Pilot GAC None Perchlorate, Nitrate 
Maclean et al. Pilot 
A/S to GAC & 
GAC/S 
Ozone BOM 
Sang et al. Pilot Ceramic Aggregates None BOM 
Yu et al. Pilot GAC/S None NOM 
Paper Source Raw C:N:P Added Results 
Azzeh et al. River 100:30:0 N & P Fail 
McKie et al. River & Lake - N & P Fail 
Rahman et al. River 100:8:0.02 P Fail 
Vahala et al. Lake - P Fail 
Pharand et al. River 100:18:0.4 None Fail 
Fu et al. - - N & P Success 
Granger et al. Lake 100:?:8 P Success 
Lauderdale et al. Reservoir 100:6:0 P and N & P Success 
Li et al. 
Synthetic & 
Groundwater 
- P Success 
Maclean et al. River - N & P Success 
Sang et al. Reservoir 100:?:0.9 P Success 
Yu et al. River ~100:4:0.15 P Success 
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by promoting PRB growth. They also found a decrease in microbial richness after the 
addition of phosphorus. The study indicated that phosphorus addition changed the 
abundance and overall microbial structure within the reactors. In Fang and associate's 
(2009) experiment, the changes in biofilm composition on annular reactor systems were 
monitored after the addition of varying phosphorus concentrations. The results indicated 
that the addition of 30 and 300 µg/L of phosphorus had a 1-log increase of biofilm cell’s 
growth. Also, the addition of 30 and 300 µg/L of phosphorus decreased EPS production by 
81 and 77%, respectively. 
Lauderdale and Brown's (2011) experiment was carried out by dosing biologically 
active filters with phosphorus (to fulfill the 100:10:1 C:N:P molar ratio) and monitoring 
organic removal, hydraulic performance, and biological activity. The nutrient enhanced 
filter was evaluated against a control biofilter where no nutrients were added. The results 
suggested that adding phosphorus increased biological activity (as indicated by adenosine 
triphosphate (ATP)) and reduced EPS concentrations. Scanning electron microscopy 
(SEM) indicated a reduction of microbial filaments relative to the control filter. Lauderdale 
and Brown (2011) also found that after phosphorus addition the Bradyrhizobium 
population decreased (from 15% to 1%) and that Burkholderia, a manganese oxidizing 
bacteria, increased (from 1% to 25%). The results suggest that when the filter was no longer 
“nutrient limited”, the microbes responsible for EPS production (Bradyrhizobium) were 
reduced and that the increased manganese removal across the filters could be attributed to 
the increase of Burkholderia. 
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All studies showed that creating an environment that is no longer phosphorus-
limited could increase biological activity, decrease EPS, and change the overall microbial 
community and structure.  
35 
CHAPTER 3 
MATERIALS AND METHODS 
3.1 Hypothesis 
 The research approach was built upon the following hypothesis: the removal of pre-
chlorination at a filtration plant can improve water quality without compromising filter 
performance (i.e., effluent turbidity, run time, UFRV, water quality, etc.) in selected types 
of biofilters (i.e., standard, chlorinated backwash, engineered). 
The hypothesis was tested by observing the performance of the biofilters against 
the non-biological filters throughout a full study year. The testable hypotheses are as 
follows:  
 H0 – there was no deterioration of filter performance after the removal of pre-
chlorination. 
 HA –filter performance deteriorated after the removal of pre-chlorination. 
 
3.2 Quail Creek Water Treatment Plant 
 The Quail Creek Water Treatment Plant located in Hurricane, Utah was constructed 
in 1986 (WCWCD 2016). The plant originally had four filters with a 10 million gallon per 
day (MGD) capacity. Over the last three decades it has received a series of upgrades and 
expansions to meet increased water demands. In 1997, four additional filters were 
constructed, expanding the plant to a 20 MGD capacity. In 2005, the final four filters were 
added (12 filters all together), expanding the plant to a 40 MGD capacity. All of the media 
was replaced for the first time in 2015, allowing the plant to produce up to 60 MGD 
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(WCWCD 2016). QCWTP receives water from Quail Creek Reservoir, Sand Hollow 
Reservoir, and the Virgin River (WCWCD 2016), with the majority from Quail Creek 
Reservoir (~98%). The plant treatment train is shown in Figure 5. QCWTP was originally 
built as a conventional treatment plant (i.e., coagulation, flocculation, sedimentation, 
filtration, and disinfection), with powdered activated carbon (PAC) for taste and odor 
(T&O) control, but within the last decade has added a dissolved air floatation (DAF) train 
to flocculate and separate liquids and solids more rapidly and reliably. The sedimentation 
and flocculation basins are now only put in operation in periods of high water demand (e.g., 
during summer months). In these periods, the water from the sedimentation and DAF 
basins are blended and then sent to the filters. 
 
 
 
Figure 5. Quail Creek Water Treatment Plant process schematic 
 
Influent water is characterized as low-organic carbon (TOC < 2 mg/L), low-
turbidity (< 1 NTU), and high-pH (> 8 Standard Units (SUs)). During the study, alum and 
chlorine doses ranged from 10 to 20 ppm and 1.5 to 2.25 ppm, respectively, with higher 
average doses in the winter months. Daily demand for the plant ranged from < 1 MGD in 
37 
the winter to 38.3 MGD in the summer. The plant was in operation for < 1 hour per day in 
the winter and up to 19.7 hours per day in the summer. Filters are not run for 24 hours a 
day, but are shut off after the demand is met and storage reservoirs are filled. The filters 
have 27 inches of anthracite over 12 inches of sand, with an average loading rate of 5.7 
gpm/ft2, which equates to an EBCT of ~4.2 minutes. The filters are composed of two cells 
measuring 22 ft by 12 ft, for a total surface area of 528 ft2. The backwashing mechanisms 
involves a low wash at 1,800 gpm for 48 seconds concurrent with air scour at 1,000 SCFM 
followed by a high wash at 6,000 gpm for 8 to 10 minutes. 
WCWCD is planning to add an ozone system to the QCWTP within the next five 
years. The hope is that as the plant converts to biological filtration, the ozone application 
will improve water quality and biostability. The plant manager’s main driver for 
biofiltration conversion was the reduction of DBP precursors and increased savings 
through reduced chlorine use. The QCWTP, in conjunction with the Utah Division of 
Drinking Water and Utah State University, began evaluating biofiltration at plant scale on 
August 25th, 2016. 
 
3.3 Experimental Design 
 This research studied, at full scale, the potential for biofiltration under otherwise 
normal operating conditions at the QCWTP. The research plan consisted of analyzing the 
performance of three filters operated in biological mode in contrast to a control filter, 
operated traditionally. Performance was assessed using a combination of routine 
monitoring of plant operations (finished water turbidity, filter run times, backwash run 
38 
times/volumes, head loss, etc.) and special periodic sampling for biological activity (ATP, 
HPC, EPS), organic carbon removal (TOC/DOC, UV245, CBXAs) and nutrient availability 
(TP, TN, NH4, PO4). A separate filter core study was also conducted where sampling and 
analysis of the filter media was performed to track the development and control of 
biological activity in the filters over time and filter depth. 
 The study involved the analysis of four different full-scale filters at the QCWTP; 
three of which were operated in biological mode. The first filter acted as a control and ran 
similarly to all the other filters in the treatment plant. The water in the other three biofilters 
was de-chlorinated with thiosulfate prior to filtration to quench any chlorine that would 
inhibit biological activity. These filters were referred to as biofilters. Of the three biofilters, 
one was a standard biofilter (no pre-chlorination with de-chlorinated backwash), another 
had no pre-chlorination but had chlorinated backwash, and a third was an engineered 
biofilter (no pre-chlorination, de-chlorinated backwash, and nutrient supplementation) 
(Figure 6). 
The engineered biofilter was supplemented with 75% phosphoric acid at a rate of 
120 mL/hr and 1.2% ammonium chloride at a rate of 1,100 mL/hr. The solutions of 
phosphoric acid and ammonium chloride came in 55-gallon drums, where two pumps were 
set up to add low concentrations of P and N (Appendix A, Figure A-1). Both pumps were 
running at their lowest settings, so lower nutrient addition could not be achieved. The 
nutrients were added immediately before the water entered into the filter cell.  
Water samples were collected from a tap installed at the influent and effluent of 
every filter. At the influent, a pump was attached to the side of the filter cell approximately 
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Figure 6. Schematic of control and biological filters. The S with a circle around it 
signifies where samples were taken. Arrows indicate the flow of water and chemicals. 
 
2 feet above the top of the media bed (Appendix A, Figure A-2-A). The pump pulled water 
up to the tap so samples could be collected at a consistent location. The effluent water was 
collected directly from a tap inserted into the pipe that diverts water immediately after 
filtration (Appendix A, Figure A-2-B). 
The parameters used to determine filter performance were separated into four 
categories: organic carbon concentration, biological activity, water quality, and operational 
data. A summary of the parameters measured in this study is shown in Table 3. 
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Table 3. Summary of monitoring parameters 
Variable Category Indicator/Description 
TOC Organic Carbon NOM 
DOC Organic Carbon Dissolved NOM 
UV254 Organic Carbon NOM 
SUVA Organic Carbon DBP formation potential 
CBXAs Organic Carbon Available carbon 
ATP Biological Biological activity of living microbes 
HPC Biological Biological activity of heterotrophic bacteria 
EPS Biological Biofouling 
Temperature Water Quality - 
pH Water Quality - 
Dissolved Oxygen Water Quality Oxygen in environment 
DBPs Water Quality Reactivity of chlorine and NOM 
Mn Water Quality Taste and color issues 
TDS Water Quality Dissolved ions present in water 
Head loss Operational Ease of filtration 
Filter run time Operational Length of a filter run between backwashing 
UFRV Operational 
Volume of water filtered per unit area of 
media. Indicates filter efficiency. 
Backwash time Operational Time required to backwash media 
Backwash volume Operational Volume of water used to backwash media 
EBCT Operational Time water is in contact with media 
Turbidity Operational Clarity of water 
P & N Nutrients Available food for microbes 
 
The biofilters were operated under similar conditions as the other filters at the Quail 
Creek plant; including loading rate (~5.7 gpm/ft2) and media configuration (27 inches of 
anthracite over 12 inches of sand). However, as a precaution, backwashing was triggered 
at a head loss of 7.5 ft, instead of 9 ft. 
Concentrations of carbon, nitrogen, and phosphorus were monitored to determine 
the availability of nutrients and C:N:P ratios. The C:N:P ratios were calculated from DOC 
removal, ammonia-nitrogen (NH4-N), and orthophosphate (PO4-P), as described by 
Lauderdale et al. (2012). Forms of carbon (TOC/DOC, UV254, and CBXAs), nitrogen (total 
41 
nitrogen (TN), nitrate plus nitrite, and ammonia), and phosphorus (TP and orthophosphate) 
were measured to determine the availability of nutrients to each filter. Samples of the 
biofilter media were analyzed to estimate the biological activity on each filter to determine 
if a certain treatment strategy (e.g., chlorinated backwash or nutrient augmentation) had an 
impact on microbial growth. Hydraulic performance (i.e., effluent turbidity, run time, 
UFRV, backwash time, etc.) of the test filters was evaluated against an additional filter in 
the plant. In the filter core study, three media cores were collected the summer of 2017 on 
July 6th – 10th, August 4th – 8th, and August 25th – 27th and analyzed to observe changes 
across depth and filter run time for ATP, CBXAs, TOC/DOC, nutrients, and other water 
quality parameters.  
The experiment ran for one year (August 2016 – August 2017) so biofilter 
performance could be analyzed in all seasons. The intent was to extrapolate the results 
beyond this study to benefit other water utilities that are considering biological conversion. 
Though multiple variables play an important role in filtration efficiency, considering the 
possible operational adjustments in a specific water matrix can provide clues to decipher if 
biological conversion is a viable option. 
 
3.4 Analytical Methods 
3.4.1 Water Quality Analysis and Sample Collection 
 Water samples were analyzed with on-line instrumentation in the plant and 
collected at the influent and effluent of a filter to be analyzed with laboratory and field 
equipment. Turbidity, chlorine residual, temperature, DO, TDS, and pH analyses were 
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conducted in-situ. ATP, TOC/DOC, UV254, SUVA, Mn, and HPC analyses were conducted 
on grab samples at the QCWTP in the Washington County Water Conservancy District’s 
laboratory. Carboxylic acids, total phosphorus, total nitrogen, and DBP samples (HAA5s 
and TTHMs) were sent to the Utah Public Health Laboratory (UPHL) for analysis. 
Phosphorus (orthophosphate) and nitrogen (nitrate/nitrite and ammonia) samples were sent 
to the Utah Water Research Laboratory (UWRL) for analysis. EPS samples were sent to 
the University of Texas at Austin. 
 
3.4.2 Supervisory Control and Data Acquisition 
 Turbidity, temperature, pH, TDS, head loss, filter run length, and backwashing and 
flow parameters were collected continuously by the various online instruments within the 
plant and fed to the Supervisory Control and Data Acquisition (SCADA) system (Table 4). 
Data for each parameter were taken from the SCADA system at approximately the same 
time that water samples were collected. Filtration and loading rates were calculated by 
dividing the flow by the surface area of the filter media. Unit filter run volumes (UFRV) 
were calculated by multiplying the filtration rate by the duration of the filter run. Empty 
bed contact times (EBCT) were calculated by dividing the flow rate by volume of the 
media. 
 
3.4.3 Washington County Water Conservancy District 
 TOC, DOC, UV254, SUVA, ATP, DO, chlorine residual, and HPC samples were 
collected by WCWCD at the end of each filter’s run length and analyzed in the lab located 
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Table 4. Measured parameters from SCADA system 
SCADA 
Variable Units Category Method 
Turbidity NTU Water Quality On-line instrumentation 
Temperature °C Water Quality On-line instrumentation 
Head loss ft Operational On-line instrumentation 
Flow MGD Operational On-line instrumentation 
Filter Run Time hrs Operational On-line instrumentation 
Filtration Rate gpm/ft2 Operational On-line instrumentation 
UFRV gal/ft2 Operational On-line instrumentation 
EBCT min Operational On-line instrumentation 
Backwash time min Operational On-line instrumentation 
Backwash volume MG Operational On-line instrumentation 
TDS mg/L Operational On-line instrumentation 
pH - Water Quality On-line instrumentation 
 
at the Quail Creek Water Treatment Plant (Table 5). The frequency of sampling varied by 
season. During peak water demand periods (spring/summer) samples were conducted 
weekly, whereas, during low water demands (winter) samples were collected about once a 
month. Water samples were collected from the sampling locations indicated in Figure 6.  
The ATP samples were collected from the top 2 inches of the filter media. 
 
3.4.3.1 Total and Dissolved Organic Carbon 
 Total organic carbon (TOC) and dissolved organic carbon (DOC) samples were 
measured using EPA Method 415.3 (Potter and Wimsatt 2005). Samples were collected in 
40-mL amber bottles and then processed using a Hach QBD1200 Laboratory Total Organic 
Carbon Analyzer (Hach 2016). DOC samples were passed through a 0.45 µm filter after 
collection. Samples collected during August 2017 were preserved with acid while the TOC 
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Table 5. Summary of parameters measured by WCWCD 
WCWCD 
Variable Units Category Method/Instrument Range 
TOC mg/L Organic Carbon EPA Method 415.3a 0.0004 – 100 mg/L 
DOC mg/L Organic Carbon EPA Method 415.3a 0.0004 – 100 mg/L 
UV254 1/cm Organic Carbon Hach Method 10054
b 0.005 – 0.900 cm-1 
Mn mg/L Water Quality Hach Method 8149c 0.006 – 0.700 mg/L 
SUVA L/mg-m Organic Carbon EPA Method 415.3a - 
DO mg/L Water Quality Myron Ultrapen PT5 - 
Chlorine 
residual 
mg/L Water Quality 
Hach Pocket 
Colorimeter II 
>0.01 mg/L 
ATP 
ng 
ATP/cm3 
Biological 
Activity 
Standard Methods 
10200Id 
>5,000 RLULuminase 
HPC MPN 
Biological 
Activity 
IDEXX SimPlate 
Methode 
1 – 738 wells 
a Potter and Wimsatt (2005) 
b Hach (2003) 
c Hach (2008) 
d APHA et al. (1999) 
e IDEXX (2015) 
 
analyzer was under repair. The range for the Hach QBD1200 was 0.0004 to 100 mg/L with 
a precision of 3% or 3 µg/L (whichever was greater) (Hach 2016). 
 
3.4.3.2 UV254, Manganese, and Specific UV Absorbance 
 Samples for UV Absorbance (UVA) at 254 nm were measured using Hach Method 
10054 (Hach 2003). Manganese (Mn) samples were measured using Hach Method 8149 
(Hach 2008). The UVA and Mn samples were collected in 40-mL amber vials, passed 
through a 0.45 μm filter, and then processed with a Hach DR/4000 UV-vis 
Spectrophotometer. The UVA samples were placed on a 1-cm quartz cell and processed at 
a wavelength of 254 nm. The optimum range for a 1-cm cell was 0.005 to 0.900 cm-1 (Hach 
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2003). Specific UV Absorbance (SUVA) was calculated by dividing the UVA of the 
sample (cm-1) by the DOC of the sample (mg/L) and then multiplying by 100 cm/m. Mn 
samples were placed in 10-mL sample cells, an ascorbic acid powder pillow was added, 
followed by 12 drops of Alkaline-Cyanide Reagent Solution and 12 drops of PAN Indicator 
Solution. The Mn samples were analyzed at a wavelength of 560 nm with a range of 0.006 
to 0.700 mg/L (Hach 2008). 
 
3.4.3.3 Chlorine Residual and Dissolved Oxygen  
 Water samples for chlorine residual and dissolved oxygen (DO) were collected and 
then immediately analyzed with a Hach Pocket Colorimeter II or Myron Ultrapen PT5, 
respectively. To measure DO, the instrument was placed directly into a cup of water 
collected from the filter and the measurement was read directly off the Myron Ultrapen. 
For chlorine residual, water was collected from the filter in a 10-mL clear vial, a Chlorine 
Residual Powder Pillow was added to the vial, and then the measurement was read directly 
off the Hach instrument. 
 
3.4.3.4 Adenosine Triphosphate 
ATP samples were collected from the filter media and measured using a 
LuminUltra Deposit and Surface Analysis (DSA) Test kit (LuminUltra 2013). Samples 
were collected from the top 2 inches of the filter bed. From September 2016 to March 2017 
samples were frequently collected with a pool net (Appendix A, Figure A-3-A). However, 
this sampling method was deemed inappropriate, for it appeared to disturb the media. 
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Therefore, from April 2017 to August 2017 either a dust scooper attached to a long pole 
(Appendix A, Figure A-3-B) or a soil sampler (Appendix A, Figure A-3-C) were used to 
collect the samples. After collection, approximately one gram of media was weighed, 
added to 5 mL of UltraLyse, and shaken vigorously to detach and lyse the cells on the 
media. The extract was incubated for 5 minutes and diluted 10:1. After dilution, 100 µL of 
the diluted sample was added to 100 µL of Luminase and then immediately inserted into 
the luminometer to be measured. The results were given in relative light units (RLU) and 
then converted to pg ATP/g. The following equation was used for the conversion 
(LuminUltra 2013):  
ATP (pg ATP/g) = [RLUmeasured/RLULuminase]×[50,000 (pg ATP)/(mmedia (g)].  
The relative light units (RLUs) from the Luminase enzyme were always greater than 5,000, 
as specified by LuminUltra (2013). To compare the ATP results with other studies 
(Pharand et al. 2014; Stoddart et al. 2016) the units were changed to ng ATP/cm3. This was 
accomplished by applying a dry weight correction factor of 0.64 (σ = 0.05), where triplicate 
subsamples were weighed before and after drying at 105°C for 24 hrs (Pharand et al. 2014). 
To convert to cm3 an anthracite density of 0.8 g/cm3 was used (Pharand et al. 2014). 
 
3.4.3.5 Heterotrophic Plate Count 
HPC samples were measured using the IDEXX SimPlate Method (IDEXX 2015). 
The samples were added to a SimPlate, incubated at 35°C for 48 hours, and then examined 
for fluorescing wells. The number of fluorescing wells correlates with the Most Probable 
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Number (MPN) of total active heterotrophic bacteria that are culturable on R2A agar. The 
samples were diluted 10:1. The counting range was from 1 to 738 wells per plate. 
3.4.4 Utah Public Health Laboratory 
 Carboxylic acids, total phosphorus (TP), and total nitrogen (TN) samples were also 
collected by WCWCD at the end of each filter’s run length. The samples were preserved 
and shipped within a week to the Utah Public Health Laboratory (UPHL) in a cooler on 
ice. The samples were collected from all the sampling locations indicated in Figure 6. A 7-
day simulated distribution system was set up to analyze DBPs (HAA5s and TTHMs) from 
June 2017 to September 2017.  
 
3.4.4.1 Carboxylic Acids 
Carboxylic acids samples were collected in 125-mL plastic bottles and preserved 
with acid. The samples were measured by a modified version of EPA Method 300.1 (Evans 
et al. 2013b). Carboxylates were analyzed using ion chromatography (IC) and reported in 
units of μg/L. Carboxylic acids were reported as the sum of acetate, formate, and oxalate. 
The method detection limit for acetate, formate, and oxalate were 8, 7, and 25 μg/L, 
respectively. The reporting limit for each analyte was 30 μg/L. Values below the reporting 
limit were extrapolated to the MDL; all values less than the detection limit were reported 
as <MDL. All oxalate values had sulfate matrix interference; therefore, the interpretation 
of the results was limited.  
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Table 6. Parameters analyzed by the UPHL 
UPHL 
Variable Units Category Method 
Detection 
Limit 
Carboxylic 
acids 
mg/L Organic Carbon 
Sum of acetate, formate, and 
oxalate 
- 
Acetate mg/L Organic Carbon 
Modified EPA Method 
300.1a – Carboxylates by IC 
8 μg/L 
Formate mg/L Organic Carbon 
Modified EPA Method 
300.1a – Carboxylates by IC 
7 μg/L 
Oxalate mg/L Organic Carbon 
Modified EPA Method 
300.1a – Carboxylates by IC 
25 μg/L 
Total 
Phosphorus 
mg/L Water Quality EPA Method 365.1c 0.003 mg/L 
Total 
Nitrogen 
mg/L Water Quality 
Standard Methods 4500-N 
Bb 
0.2 mg/L 
HAA5s mg/L Water Quality Standard Methods 6251 Bb 
Varies 
between 
compound 
TTHMs mg/L Water Quality EPA Method 524.2d 
Varies 
between 
compound 
a Evans et al. (2013a) 
b APHA et al. (1999) 
c O’Dell (1993b) 
d Munch (1995) 
 
3.4.4.2 Total Phosphorus and Total Nitrogen 
Nutrient samples were collected in a 1-L plastic bottle and preserved with acid. 
Total phosphorus samples were analyzed by EPA Method 365.1 (O’Dell 1993). TP was 
processed by a persulfate digestion and analyzed by the direct colorimetric analysis 
procedure. The method detection limit of total P was 0.003 mg/L as P. 
Total nitrogen samples were analyzed by Standard Methods 4500-N B (APHA et 
al. 1999; Lachat 2008). First, TN samples were processed by a persulfate/UV digestion. 
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After digestion, nitrate was reduced to nitrite through a copperized cadmium column, the 
nitrite was then determined by diazotization with sulfanilamide to form a diazonium ion. 
The diazonium ion was coupled with N-ethylenediamine dihydrochloride, forming a pink 
dye. The pink dye absorbs at 540 nm and is proportional to total nitrogen. The detection 
limit was 0.2 mg/L as N. Samples were shipped to the UPHL on ice. 
 
3.4.4.3 Disinfection By-products 
A 7-day simulated distribution system potential test was setup at the QCWTP for 
DBP analysis. Glass, 1-L amber bottles were filled with the effluent water from each filter. 
The bottles were put in a dark box for a period of 7 days immediately after a chlorine dose 
of 1 mg/L ClO- was added to each bottle. After the 7 days, samples were collected in 40-
mL vials (with either 65 mg NH4Cl for HAA analysis or 3 mg of sodium thiosulfate for 
THM analysis) and shipped overnight on ice to the UPHL for analysis. 
HAA samples were analyzed by Standard Method 6251 B (APHA et al. 1999). The 
samples were extracted with MtBE, methylated with diazomethane solution so methyl ester 
or ether derivatives could be separated chromatographically, and processed with gas 
chromatography. THM samples were analyzed by EPA Method 524.2 (Munch 1995). 
Volatile organic compounds in the water sample were purged with inert gas. The purged 
sample components were trapped in a sorbent tube, heated, and then back flushed with 
helium to desorb the trapped samples into a gas chromatography column to be analyzed. 
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3.4.5 University of Texas at Austin 
EPS samples were collected from the top 2 inches of the filter media bed. At least 
2 grams of media were collected and shipped within 3 days on ice to the University of 
Texas at Austin (Table 7). The sampling procedure was the same as ATP. Sampling for 
EPS was conducted from March 2017 to August 2017. 
 
Table 7. Parameters analyzed by the University of Texas at Austin Laboratory 
University of Texas 
Variable Units Category Method Range 
EPS 
mg glucose/g 
media 
Biological 
Activity 
Phenol-sulfuric 
acid assaya 
0.04 – 2.64 mg 
glucose/g 
a DuBois et al. (1956) 
 
3.4.5.1 Extracellular Polymeric Substances (EPS) 
EPS quantification was conducted by the Phenol-sulfuric acid assay (DuBois et al. 
1956). The analysis was completed by submerging the media sample in a sonicator for one 
minute, placing it on ice for one minute, and then having it vortexed for five seconds to 
dislodge the biofilm from the media. The supernatant was taken to be analyzed for free 
EPS and the pellet was taken to measure bound EPS. The samples were mixed with phenol 
solution and concentrated sulfuric acid; a yellow color was produced and the absorbance 
was read at 480 nm. A glucose calibration curve was constructed to analyze the results. 
Proteins (as mg bovine serum albumin (BSA)/g total solids (TS)) and polysaccharides (as 
mg glucose/g TS) were estimated to quantify EPS. The range of EPS measurements was 
0.04 to 2.64 mg total glucose (free + bound) per gram of media (Evans et al. 2013a). 
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3.4.6 Utah Water Research Laboratory 
Orthophosphate, nitrate plus nitrite, and ammonia samples were collected once per 
week and shipped overnight to the Utah Water Research Laboratory (UWRL) in a cooler 
on ice (Table 8). Water samples were collected from the sampling locations indicated in 
Figure 6. Sampling for these nutrient forms began February 2017 and ended August 2017. 
Two separate plastic bottles were collected per site: one unfiltered with no preservation for 
orthophosphate (60-mL) and one filtered with sulfuric acid preservation for nitrate/nitrite 
and ammonia (125-mL). Water samples collected in the 125-mL bottles were passed 
through a 0.45 μm filter after collection. All bottles were kept at 4 degrees Celsius after 
collection. Eighteen sample bottles were collected per sampling event, plus an additional 
two randomly selected samples, totaling 20 samples per week. 
 
Table 8. Parameters analyzed by the UWRL 
UWRL 
Variable Units Category Method Detection Limit 
Orthophosphate mg/L Water Quality 
Standard Method 
4500-P Ea 
0.005 mg/L 
Nitrate/Nitrite mg/L Water Quality EPA Method 353.2b 0.003 mg/L 
Ammonia mg/L Water Quality EPA Method 350.1c 0.004 mg/L 
a APHA et al. (1999) 
b EPA (2004) 
c EPA (1993) 
 
3.4.6.1 Orthophosphate 
Orthophosphate was determined using the ascorbic acid colorimetric method as 
defined by Standard Method 4500-P E (APHA et al. 1999). Ten milliliters of each sample 
was taken and added to 1.6 mL of the combined reagent. Phenolphthalein was added as an 
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indicator and allowed to react for 10 minutes. The samples were then placed in the Genesys 
6 spectrophotometer and analyzed at 880 nm. The absorbance was then applied to a 
standard curve to calculate the concentration of phosphate in mg/L. The detection limit was 
0.005 mg/L as P. 
 
3.4.6.2 Nitrate plus Nitrite 
Nitrate plus nitrite were conducted by EPA Method 353.2 (EPA 2004). Samples 
were analyzed by a discrete analyzer Seal AQ2. Nitrate was determined by reducing NO3
- 
to NO2
- with an automated cadmium reduction instrument. The NO2
- produced was then 
measured by the azo dye method. Nitrite forms a reddish-purple azo dye in the presence of 
diazotized sulfanilamide and N-ethylenediamine dihydrochloride, which can be measured 
spectrophotometrically at a wavelength of 520 nm. Samples were passed through a 0.45 
μm filter prior to analysis. The detection limit of Nitrate plus Nitrite was 0.003 mg/L as N. 
 
3.4.6.3 Ammonia 
Ammonia analysis was based on EPA Method 350.1 (EPA 1993). Each sample was 
measured by the automated phenate method with a discrete analyzer Seal AQ2. Ammonia 
in the samples reacted with hypochlorite to form chloramine, which reacted with alkaline 
phenol in the presence of nitroferricyanide. A blue indophenol dye formed, which was 
measured photometrically at a wavelength of 660 nm. Samples were passed through a 0.45 
μm filter prior to analysis. The detection limit was 0.004 mg/L as N. 
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3.4.7 Filter Core Study 
 Extra samples were collected during three periods the summer of 2017 (July 8th-
10th, Aug. 4th-8th, and Aug. 25th-27th). Media and water quality samples were collected 
throughout a filter run length to observe changes across time. Media core samples were 
collected to observe changes in biological activity across depth. The analysis was done 
only on the standard biofilter, since it was demonstrating a traditional biofilter. After a filter 
run had begun, samples were collected twice daily from the filter influent, effluent, and top 
2 inches of the media. Temperature, DO, pH, nutrients, chlorine residual, turbidity, run 
time, ATP, CBXAs, TOC, and DOC were all collected throughout the filter run. At the end 
of each filter run a media core sample was extracted. The media was sampled with a 
specifically designed media core sampler (Appendix A, Figure A-4). The media was 
removed from each slot so ATP could be measured from depths of 2 to approximately 30 
inches. 
 
3.5 Data Analysis 
The monitoring data were collected, checked, and entered into a Microsoft SQL 
Server database that is hosted at the Utah Water Research Laboratory using the 
Observations Data Model (ODM) 1.1 protocol of Tarboton et al. (2008). Statistical analysis 
of the data was carried out using the statistical software program R (R Core Team 2017). 
R was used to determine statistically significant differences between (1) the influent and 
effluent concentrations of each filter, (2) the different types of test filters (i.e., control filter, 
chlorinated backwash biofilter, standard biofilter, and nutrient enhanced biofilter), and (3) 
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to conduct correlation and regression analyses to examine relationships among the 
measurements. 
All data presented underwent quality-control procedures. Outliers were removed 
and summary statistics for censored data (<MDL) were estimated with the Robust Ordered 
Statistics (ROS) method in order to reduce bias (Huston and Juarez-Colunga 2009). Water 
quality data can be highly variable and is often not represented by a normal curve. The data 
in this study were typically represented by a right skewed bell curve (left-modal), because 
extreme values were frequently present. Because of the skewness, typical parametric 
methods (e.g., t-test, ANOVA, Tukey, etc.) were not conducted. Transformations were 
avoided to provide consistency among variables, for the same transformation could not be 
used on each parameter (e.g., log transformation) and many variables had multiple values 
less than the MDL. The non-parametric methods used in this study are shown in Table 9. 
 
Table 9. Non-parametric methods used to compare data 
Data Non-Parametric Procedure 
Paired Data Wilcoxon signed-rank test – for uncensored data (R Core 
Team 2017) 
 
Modified sign test – for censored data (Huston and Juarez-
Colunga 2009) 
Three or more samples Kruskal-Wallis/Mann-Whitney U-test – for uncensored data 
(R Core Team 2017) 
 
Wilcoxon score test – for censored data (Huston and Juarez-
Colunga 2009) 
 
A modified sign paired test (Huston and Juarez-Colunga 2009) was used to 
determine differences between the influent and effluent concentrations for parameters with 
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values less than the MDL. The test determines differences (positive, negative, or tied) 
between paired observations. The test incorporates values less than the MDL and lowers 
the magnitude of outliers, thus making it a more robust test than other, parametric methods. 
A Wilcoxon signed-rank test was conducted for all other parameters. The Wilcoxon signed-
rank test is a non-parametric test that can assess the average of paired differences over time 
(Berthouex and Brown 2002). If there were sufficient degrees of freedom and the p-value 
was less than 0.05 for either test, it was assumed that there was a statistically significant 
difference between the influent and effluent. 
The Wilcoxon score test (Huston and Juarez-Colunga 2009) was used to determine 
differences among the effluent concentration or removal efficiency of each filter for 
parameters with values less than the MDL. The Wilcoxon score test is another non-
parametric method that is robust to outliers and is capable of handling left censored data. 
The method is similar to a Wilcoxon test, but it can be used to find differences among 
multiple groups. The Kruskal-Wallis test was conducted for all other parameters. The 
Kruskal-Wallis test is similar to the ANOVA test, in that it can determine differences in 
two or more groups, but values are ranked and the distributions are compared to determine 
if each group is the same. If a difference among groups was found (p-value < 0.05) a 
Pairwise Mann-Whitney U-test was used to determine which groups were different, based 
on rank sums, from each other. A bonferonni correction, which multiplies the number of 
comparisons by the p-values, was used as a conservative approach to reduce type I error 
rates of the p-values (R Core Team 2017). If the variances of the different groups were 
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similar and the p-value was less than 0.05 for either test, it was assumed that there was a 
statistically significant difference among the filters’ removal or effluent concentrations. 
Kendall’s tau correlations were performed to establish relationships between 
variables. Kendall’s tau is similar to Pearson’s correlation, but it does not assume a normal 
distribution and p-values are more accurate with smaller sample sizes. P-values less than 
0.05 were considered to be statistically significant. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
The main objective of the Quail Creek full-scale study was to determine if the 
removal of pre-chlorination had a positive or negative impact on hydraulic performance 
and water quality and to determine if the benefits of biofiltration commonly seen in waters 
with more organic matter will be realized in the typically more pristine waters in the 
mountain west. The following sections describe filter characteristics in regard to organic 
carbon, biological activity, water quality, operational parameters, and nutrient availability. 
The results from the filter core study are also described in detail. Variables and their 
comparisons are shown as boxplots or bar charts and time series plots. The percent above 
or to the right of each plot represents median percent removal from the influent 
concentration. Error bars represent the median absolute deviation (MAD), a robust measure 
of variability (Statistic How To 2017). Different letters (i.e., a, b, c, etc.) denote statistically 
significant differences among filters for effluent or removal concentrations, as determined 
by the Mann Whitney U-test or Wilcoxon score test. An asterisk denotes statistically 
significant differences between the influent and effluent, as determined by the Wilcoxon 
rank-sum test or modified sign test. Parameters that were collected during the study, but 
whose findings were not considered important (e.g., flow rate, chlorine residual, DO, HPC, 
pH, SUVA, TDS, temperature, terminal head loss, filter run time, and UVA), can be found 
in Appendix B.  
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4.1 Quail Creek Full-Scale Filter Study 
 Typical water quality and operational parameters during each season, monitored 
throughout the study, are shown in Table 10, where the MAD represents the median 
absolute deviation. 
 
Table 10. Influent water quality and operational parameters in each season at the 
QCWTP. 
Variable Unit Season Median MAD 
EBCT min Fall 4.7 0.28 
EBCT min Winter 4.7 0.47 
EBCT min Spring 4.8 0.30 
EBCT min Summer 4.2 0.48 
Loading Rate gpm/ft2 Fall 5.19 0.37 
Loading Rate gpm/ft2 Winter 5.18 0.57 
Loading Rate gpm/ft2 Spring 5.10 0.33 
Loading Rate gpm/ft2 Summer 5.81 0.67 
pH SU Fall 8.20 0.15 
pH SU Winter 8.40 0.15 
pH SU Spring 8.10 0.30 
pH SU Summer 8.00 0.15 
Temperature °C Fall 19.1 4.3 
Temperature °C Winter 8.1 1.2 
Temperature °C Spring 11.9 3.3 
Temperature °C Summer 24.9 3.6 
Turbidity NTU Fall 0.49 0.13 
Turbidity NTU Winter 0.90 0.15 
Turbidity NTU Spring 0.89 0.16 
Turbidity NTU Summer 0.50 0.15 
MAD – Median absolute deviation 
EBCT – Empty bed contact time 
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During the summer months water demands were higher; therefore, statistically 
higher loading rates and statistically lower EBCTs were observed (5.8 gpm/ft2 and 4.2 
minutes compared to ~5.2 gpm/ft2 and 4.7 minutes). EBCTs were similar, but on the low 
end, compared to other full-scale biofiltration plants, where EBCTs ranged from 2.5 to 18 
minutes (Evans et al. 2013b). Higher median turbidity was observed at lower temperatures 
(~0.9 NTU) compared to higher temperatures (~0.5 NTU). Influent pH was consistently 
around 8 SUs, which is typical of natural water sources (6 to 9 SUs) (Evans et al. 2013a). 
A summary of all the parameters collected throughout the study can be found in Appendix 
B, Table B-1. 
 
4.1.1 Biological Activity 
 Biological activity (bioactivity) can be estimated through a variety of methods, 
which can indicate different types and functions of microorganisms. Velten et al. (2011) 
has shown that ATP on media can be used to assess if filters have become biologically 
active. EPS can be used to indicate biofouling (Flemming 2002). HPC is a less reliable 
method (Evans et al. 2013a); however, it has frequently been used historically in drinking 
water to quantify culturable heterotrophic bacteria. HPC concentrations in the water of the 
test filters are shown in Appendix B, Figure B-1. Bioactivity is important to track to 
determine if changes in filter performance (i.e., organic removal, increased head loss, etc.) 
were due to biology or other mechanisms. ATP concentrations, measured over time are 
shown in Figure 7. 
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Figure 7. (A) Boxplot comparison and (B) time series plot of ATP concentrations on the 
media of biological and non-biological filters. The temperature represents the average 
influent water temperature. Letters (i.e., a, b, c, etc.) denote statistically significant 
differences among filters by the Mann-Whitney U-test. Graphs are plotted on a log scale. 
A 
B 
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 ATP concentrations remained fairly stable (~100 – 4,000 ng ATP/cm3 or ~1x105 – 
3x106 pg ATP/g) throughout the majority of the study (Figure 7-B). During the winter 
months and early spring, concentrations dropped by over an order of magnitude for some 
filters (Figure 7-B). Evans et al. (2013a) suggested that an order of magnitude of difference 
over time indicates significant change in a biological community. The change occurred 
during colder water temperatures; however, this is contrary to other studies, which found 
that ATP concentrations and temperature had no relationship (Evans et al. 2013b; Pharand 
et al. 2014; Rahman et al. 2016; Stoddart et al. 2016). Over the entire study, temperature 
and ATP were poorly correlated (r = 0.0067, p-value = 0.93). Therefore, the decrease in 
ATP concentrations was likely due to factors other than water temperature. During the 
winter months, water demand is low at the plant, so filters are usually operated about once 
a week for a few hours. Filters are typically backwashed once or twice over the entire 
winter season. During the study, the chlorinated backwashed biofilter was being repaired 
from December to March, so it did not run at all during this period. When the filters are 
not in operation, water is left stagnant in the filter cells, and without an influx of nutrients 
it is probable that growth would be limited and the microbial population would decrease 
due to organism decay. Therefore, the diminished biological growth in the winter months 
was more likely due to operational practices rather than colder water temperatures. 
 No measurable acclimation period was observed during the study (Figure 7-B), 
which is contrary to other bioconversion studies. Stoddart et al. (2016) and Rahman et al.'s 
(2016) filters both experienced a rapid increase of biological activity, followed by steady-
state conditions. The acclimation periods ranged from 2 to ~7 months. The lack of rapid 
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increase of biological activity on the QCWTP’s filters could again indicate the limited 
supply of available carbon for the microbes to grow and thrive. 
 Pharand et al. (2014) has suggested that ATP concentrations above 102 to 103 ng 
ATP/cm3 media represent active, acclimated biofilters. Only 8 samples (7%) had 
concentrations below 100 ng ATP/cm3 media, where 7 out of the 8 samples were from the 
control filter. This suggests that all of the filters were at least slightly biologically active; 
however, 77% and 66% of the ATP samples for the control filter and standard biofilter, 
respectively, were below 1,000 ng ATP/cm3. There were only small differences between 
the control and biofilters (median value differences ranged from 175 – 2,300 ng ATP/cm3). 
The control was only statistically lower than the chlorinated backwash and nutrient 
enhanced biofilters (Figure 7-A). The small differences in biological growth could be from 
the following factors: (1) carbon supply, (2) media type, (3) chlorine residual, and (4) 
EBCT.  
1. The amount of carbon at the QCWTP’s filter influent is characterized as being low 
(< 2 mg/L TOC) throughout the study. Pharand et al. (2014) has shown that there 
is an increasing trend for ATP media concentrations and influent DOC for filters 
without ozone pre-treatment. 
2. The QCWTP has dual media anthracite/sand filters. As noted in the literature 
review, compared to GAC media, anthracite holds less biomass and provides 
poorer protection for microbes against shear stresses and chlorinated backwash 
(LeChevallier et al. 1992; Liu et al. 2001; Urfer et al. 1997; Wang et al. 1995). 
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3. The addition of thiosulfate at the filter influent did not allow for the complete 
removal of chlorine at the QCWTP. Upadhyaya et al. (2017) has suggested that a 
chlorine residual below 0.2 mg/L should not have an impact on biological growth 
in fully acclimated biofilters. Median chlorine concentrations were kept below 0.2 
mg/L (Appendix B, Figure B-2), but the concentrations were not consistent and 
would fluctuate throughout the day as water demands changed. 
4. The EBCT at the QCWTP was lower than most other full-scale biofiltration plants 
(Evans et al. 2013b). Pharand et al. (2014) found no relationship between EBCT 
and ATP concentrations at the surface of media; however, studies have 
consistently shown that increasing EBCT removes more biodegradable 
compounds (Carlson and Amy 1998; Hallé et al. 2015; LeChevallier et al. 1992).  
EPS is an important indicator of bioactivity, where it would be especially important 
to monitor if biofouling was a concern. EPS concentrations (free and bound proteins and 
polysaccharides) are shown in Figure 8. 
EPS concentrations were statistically the same throughout the sampling period 
(January 2017 – August 2017) (Figure 8). The results were similar to the filter media ATP 
concentrations, in that slightly higher median concentrations of EPS were observed on the 
chlorinated backwash and nutrient enhanced biofilters, but, in this case, the differences 
were not statistically significant. Also, there were only small differences among the filter’s 
concentrations (median differences of 0.00 to 0.08 for proteins + polysaccharides). Studies 
have shown that nutrient enhancement could decrease EPS production (Lauderdale and 
Brown 2011; Quelas et al. 2006; Skorupska et al. 2006), so lower EPS concentrations were  
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Figure 8. Barchart comparison of biological and non-biological filters for EPS (proteins 
and polysaccharides). Error bars represent one MAD. Letters (i.e., a, b, c, etc.) denote 
statistically significant differences among filters for proteins and polysaccharides by the 
Mann-Whitney U-test 
 
expected on the nutrient enhanced biofilter. However, as already discussed, the influent 
water matrix was carbon limited. The lack of available carbon in the system may not have 
supplied the necessary resources for EPS production. To date, no studies were found that 
investigated EPS concentrations on drinking water biofilters in a carbon-limited 
environment. More information is required in this subject to make meaningful conclusions. 
The removal of pre-chlorination did not have a large impact on microbial growth 
at the QCWTP. A limited influent carbon supply is likely the main contributor to the low 
65 
growth on the biofilters. An evaluation of the carbon concentrations across each filter is 
discussed in the following section. 
 
4.1.2 Organic Carbon 
 Organic carbon removal is the most common driver for biological conversion 
(Upadhyaya et al. 2017). The amount of carbon in a source water can have an impact on a 
variety of parameters. An abundance of NOM can impact filter performance and increase 
DBPs. Excess available carbon in the distribution system can increase biological regrowth 
on pipes. Therefore, the investigation of influent carbon concentrations and their removal 
is important. Figure 9 shows the total and dissolved organic carbon removal of the control 
filter compared to the different biofilters.   
The filter influent TOC concentrations were low, where 82% of all samples had 
concentrations less than 2 mg/L (Figure 9-A). Similar influent DOC concentrations were 
observed, indicating that the majority of the organic carbon was in the dissolved form, 
which is common (Emelko et al. 2006). All filters were removing a statistically significant 
amount of TOC; however, there were no statistically significant differences among the 
filters’ removal efficiency. All were removing approximately 7 to 9% of TOC (0.14 – 0.17 
mg/L). For DOC, only the biofilters had statistically significant removals, where DOC 
removal in the control filter was statistically no different than zero (Figure 9-B). However, 
the removals across the biofilters were small (~3% or 0.06 mg/L) and there was no 
statistically significant difference among the filters’ removal efficiency, similar to the TOC 
findings. The DOC removal was much lower than other biofiltration studies, where DOC 
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Figure 9. Boxplot comparison of biological and non-biological filters for (A) TOC and 
(B) DOC over the entire study. Red asterisks indicate if the differences between the filter 
influent and filter effluent were statistically significant by the Wilcoxon signed-rank test. 
Percentages represent median percent removal from the filter influent to the filter 
effluent. Letters (i.e., a, b, c, etc.) denote statistically significant differences among the 
filter’s removal efficiencies by the Mann-Whitney U-test. 
A 
B
A 
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removals ranged from 10 to 30% with average influent DOC ranging from 1.1 to 3.2 
(Gibert et al. 2013; Liao et al. 2014; Velten et al. 2011). Low influent carbon likely limited 
the growth of microbes, as indicated in Figure 7, which would reduce microbial 
biodegradation. To investigate this further, a removal comparison of carboxylic acids 
(acetate, formate, and oxalate), a more available form of carbon, is shown in Figure 10. 
The high variability in the oxalate data, denoted by the large error bars, was likely 
due to sulfate interference in the water samples, so the interpretation of the oxalate data is 
limited. The oxalate data were not removed from the graphs, so overall trends and 
comparisons to other studies could be made. Acetate and formate had a strong correlation 
(r = 0.48, p = 3.84x10-10), whereas oxalate correlated weakly with acetate and formate (r = 
-0.014, p = 0.86 and r = -0.078, p = 0.30, respectively). Therefore, the oxalate results were 
excluded from the remainder of the discussion. 
All filters removed statistically significant amounts of formate, with removals 
ranging from 20 to 30% (1.2 to 2.3 μg-C/L). Only the control and chlorinated backwash 
filters had statistically significant removals of acetate, with removals ranging from 6.5 to 
24% (0.8 to 3.5 μg-C/L). Since the differences in removals among filters were small (< 3 
μg-C/L), they were not considered to be important. The carboxylic data do indicate a very 
carbon limited system, where less than 50 μg-C/L was available for microorganisms in the 
form of acetate, formate, or oxalate. The average net reduction of carboxylic acids across 
the biofilters in Evans et al.'s (2013b) study was 43 μg-C/L. The reason for the low influent 
carboxylic acids concentrations and consequently the low removals was likely due to the 
lack of ozone before filtration. Without the help of ozone to break up the already limited 
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Figure 10. Bar chart comparison of biological and non-biological filters for CBXAs as C 
(acetate-C, formate-C, and oxalate-C) over the entire study. Red asterisks indicate if the 
differences between the filter influent and filter effluent were statistically significant by 
the Wilcoxon signed-rank test. Percentages represent median percent removal from the 
filter influent to the filter effluent. Letters (i.e., a, b, c, etc.) denote statistically significant 
differences among the filter’s removal efficiencies by the Mann-Whitney U-test for 
acetate and the Wilcoxon score test for formate and oxalate. 
 
source of organic carbon, the microorganisms present in the water had only a small supply 
of available carbon. It’s probable that the biofilters degraded all the assimilable organic 
carbon available, similar to the Azzeh et al. (2015) study. This was likely the reason why 
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larger differences of ATP or EPS were not observed in the biofilters (Figure 7 and Figure 
8). It is expected that the addition of ozone before filtration would increase carboxylic acids 
and in turn increase biological growth (Juhna and Melin 2006). 
Time series plots of the different forms of organic carbon (i.e., TOC, DOC, UVA, 
and CBXAs) are shown in Appendix B, Figure B-3. Similar trends were observed for TOC, 
DOC, and UVA (r = 0.22 – 0.40 with p-values < 0.003), with concentrations gradually 
increasing over the study period. A comparable trend was not observed in the carboxylic 
acids data. The carboxylic acids trend was likely masked by the oxalate data. 
Increased natural organic matter removal is a common driver for biological 
conversion. The influent water at the QCWTP has been characterized as being low in 
carbon (TOC < 2 mg/L), especially available carbon (CBXAs < 50 μg-C/L). Slight 
differences of carbon removal were detected for DOC and CBXAs, but overall, similar 
removals were observed across all types of filters. Therefore, the removal of pre-chlorine 
did not impact organic carbon removal at the QCWTP. 
 
4.1.3 Water Quality 
 Improving water quality by increasing the removal of DBPs is another common 
driver for biological conversion. The adaptation to minimize or remove chlorine at the head 
of drinking water facilities is becoming more prevalent, as chlorinated DBPs (HAAs and 
THMs) are becoming a larger issue. However, the release of manganese (Mn) from filter 
media after the removal of chlorine can lead to unintended consequences. Therefore, Mn 
and DBP (THMs and HAAs) concentrations at the filter effluent were both evaluated to 
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determine the impact of removing pre-chlorination on water quality. Other water quality 
parameters (i.e., temperature, pH, DO, and TDS) are shown in Appendix B, Figure B-4 to 
Figure B-7. TTHM and HAA5 concentrations are shown in Figure 11. 
A decrease in TTHM and HAA5 concentrations was observed in the biofilters 
compared to the control filter (Figure 11-B) (~60% (11.3 µg/L) and ~30% (22.9 µg/L) 
median difference for HAA5s and TTHMs, respectively). For TTHMs, this trend was 
observed throughout the entire sampling period, where both the chlorinated backwash and 
nutrient enhanced biofilters had statistically lower TTHMs than the control filter by the 
0.05 level, and the standard biofilter had statistically lower TTHMs by the 0.1 level (p-
value = 0.06). The sample size was small (n < 10), but the rather consistent results do 
suggest that the trend would continue. However, to achieve greater statistical confidence, 
more samples would be required. No differences in HAA5 concentrations were observed 
at the beginning of the sampling period, but after September, HAA5 concentrations in the 
biofilters were consistently lower than the control filter. McKie et al. (2015) and Stoddart 
and Gagnon (2015) studies showed similar results, where they found that biofiltration 
reduced THMs and HAAs in the finished water without necessarily improving TOC or 
DOC removal.  
HAA5s were well below the MCL of 60 μg/L, but TTHMs were near or above the 
MCL of 80 μg/L in some cases. The samples came from a 7-day simulated distribution 
system (SDS), so they represent the worst-case scenario. However, these findings are 
important for the QCWTP to consider, especially if DBP standards are lowered in the 
future. An evaluation of Mn release is shown in Figure 12. 
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Figure 11. (A) Boxplot comparison and (B) time series plot of biological and non-
biological filters for TTHMs and HAA5s. Letters (i.e., a, b, c, etc.) denote statistically 
significant differences among filters by the Mann-Whitney U-test. 
 
A 
B
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Figure 12. (A) Boxplot comparison and (B) time series plot of effluent Mn 
concentrations of biological and non-biological filters throughout each season. Letters 
(i.e., a, b, c, etc.) denote statistically significant differences among filters by the Mann-
Whitney U-test. The red dotted line is the EPA secondary MCL guideline. 
A 
B
A 
Initial release 
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Manganese concentration in the effluent was statistically different during the first 
few months of the study (Figure 12-A). There was a small amount of Mn released after 
chlorine began to be quenched; however, after a few months the effluent Mn stabilized. 
There were no statistically significant differences among any of the filters after this period 
(Figure 12-A). This temporary release of Mn was common at other full-scale biofiltration 
plants (Lauderdale et al. 2016). During the release period, concentrations still remained 
low, where no effluent Mn concentrations ever exceeded the EPA secondary MCL 
guideline of 0.05 mg/L. The low Mn release could be due to the following factors: (1) 
influent pH and (2) media age.  
1. Lauderdale et al. (2016) and Kohl and Dixon (2012) studies found more effective 
Mn removal at pHs above 6. The increased removals were likely due to the 
improved environment for manganese-oxidizing bacteria (MOB), which thrive 
better in conditions above a pH of 7 (Mouchet 1992). Contrary to the majority of 
other studies, Granger et al. (2014) found that Mn removals were higher at a pH of 
6 rather than a pH of 9. However, they proposed that the improvement was possibly 
due to increased particle removal instead of manganese oxidation. The pH at the 
QCWTP was consistently above a pH of 8 SUs (Appendix B, Figure B-5), which 
would suggest good oxidizing conditions. 
2. An effective way to avoid manganese release is to replace the filter media before 
biological conversion. The media at the QCWTP was replaced within a year of the 
study; therefore, it is likely that there was not a lot of manganese accumulation on 
the filter media yet.  
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The removal of pre-chlorination at the QCWTP reduced DBPs in the finished water 
without initiating a large manganese release into the distribution system. Since the THMs 
from the SDS were near the MCL, the full implementation of biofiltration could be 
beneficial for the plant. 
 
4.1.4 Operational Parameters 
 Operational parameters (head loss, effluent turbidity, backwashing procedures, 
filter run length, etc.) were closely monitored to determine if the removal of pre-
chlorination had detrimental impacts on hydraulic performance. It was paramount that 
water quality and filter performance were not compromised, since the finished water from 
the biofilters was distributed to customers. The project was termed a “Do No Harm” study, 
where if anything went awry, the filters would have been returned to the routine procedure. 
Few studies have provided extensive operational data of a full-scale side-by-side 
bioconversion experiment similar to this study.  
 An evaluation of the unit filter run volumes (UFRVs) among the different types of 
filters is shown in Figure 13. The “Outer Control” filter represents an outlying filter that 
was not originally part of the study. The filter was run exactly the same as the other filters 
at the plant not involved with the study. 
UFRVs were similar among all filters until near the end of the study, where the 
nutrient enhanced biofilter began to experience early turbidity breakthrough (Figure 13-
A). Until that time, there appeared to be no real difference in filter performance (as 
indicated by UFRV) among any of the study filters. There was only a slight difference 
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Figure 13. (A) Time series plot and (B) boxplot comparison of biological and non-
biological filters for unit filter run volumes (UFRVs). Letters (i.e., a, b, c, etc.) denote 
statistically significant differences among filters by the Mann-Whitney U-test. 
Breakthrough 
episodes 
A 
B
A 
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between the standard biofilter and the filter not involved in the study (Outer Control) 
(Figure 13-B), this was likely because the outer control was triggered at a head loss of 9 ft 
instead of 7.5 ft like the test filters.  
Near the end of August, the nutrient-enhanced biofilter began to experience 
frequent turbidity breakthrough within 10 to 20 hours of operation (Appendix B, Figure B-
8). After a few weeks of early breakthrough, the nutrients being supplied to the filter were 
shut off and UFRVs returned to normal. However, during this period of high turbidity, head 
loss was unaffected and remained low (Appendix B, Figure B-9). Because the nutrient-
enhanced filter was overdosed, it is possible that the excess nutrients promoted the growth 
of autotrophic organisms that were loosely attached and sloughed off the filter, triggering 
turbidity episodes. However, no large differences in ATP or EPS were observed between 
the nutrient-enhanced biofilter and the other filters, indicating that this explanation could 
only be a partial contributor. Another possible explanation is that the excess phosphate in 
the water acted as a surfactant, detaching loose biofilms. Although, if this were the main 
contributor, higher turbidity would have been expected throughout the entire study period. 
It’s also possible that increased loading rates during this period removed loose biofilms 
from the media. At the end of July, loading rates at the plant were shifted from less than 5 
gpm/ft2 to over 6 gpm/ft2 to meet increased demands (Appendix B, Figure B-10). However, 
the other biofilters did not experience early turbidity breakthrough similar to the nutrient 
enhanced biofilter. More investigation is required to fully explain what caused the early 
turbidity breakthrough in the nutrient-enhanced filter. 
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 The plant operators consistently mentioned that the nutrient-enhanced biofilter 
experienced a more difficult time during the backwashing process, even before the turbidity 
breakthrough episodes occurred. They indicated that the nutrient-enhanced biofilter media 
tended to clump together, requiring longer backwashing times and, in some cases, a second 
backwash. The total backwash water volume used during a backwash and the time required 
to complete the backwash are shown in Figure 14 and Figure 15. 
The nutrient-enhanced biofilter required higher backwash water levels and longer 
backwash times than the other filters (Figure 14-B and Figure 15-B). Again, this was likely 
as a consequence of the buildup of excess nutrients (N and P) on the filter. The chlorinated 
backwashed biofilter was also statistically higher than most other filters for backwash 
water levels and time (Figure 14-B and Figure 15-B). The chlorinated backwash 
consistently had slightly higher ATP and EPS levels (Figure 7-A and Figure 8), so this 
discovery was not entirely unexpected. However, since the operators manually choose the 
wash time and rate, it is possible that they unintentionally had a bias toward some biofilters 
and chose to backwash them longer as a precaution. 
The use of chlorine in the backwash water had no significant impact on ATP 
concentrations or TOC/DOC removal (Figure 7 and Figure 9) at the QCWTP. These 
findings were contrary to most studies which found that chlorinated backwash adversely 
impacted biomass buildup and NOM removal, especially at low temperatures with 
anthracite media (Ahmad et al. 1998; Liu et al. 2001; Miltner et al. 1995; Wang et al. 1995). 
However, Upadhyaya et al. (2017) proposed that the presence of low levels of chlorine (1.5 
to 2 mg/L) may not have an impact on mature biofilters; this might suggest that the micro- 
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Figure 14. (A) Time series plot and (B) boxplot comparison of biological and non-
biological filters for backwash water volume. Letters (i.e., a, b, c, etc.) denote statistically 
significant differences among filters by the Mann-Whitney U-test. 
A 
B
A 
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Figure 15. (A) Time series plot and (B) boxplot comparison of biological and non-
biological filters for backwash time. Letters (i.e., a, b, c, etc.) denote statistically 
significant differences among filters by the Mann-Whitney U-test. 
A 
B
A 
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organisms present on the media were well established. It is also possible that the limited 
nutrient environment encouraged more robust microorganisms, which were less likely to 
be impacted by chlorinated backwashing. 
A comparison of the effluent turbidity of the different types of filters is shown in 
Figure 16 to Figure 18. These values represent effluent turbidity values taken immediately 
before backwash and do not represent average turbidity over a filter run. Average turbidity 
concentrations were much lower and consistently below the 0.1 NTU standard. Average 
monthly influent turbidity values are shown in Appendix B, Table B-2. 
All filters effectively removed turbidity (Figure 16); however, differences were 
observed between the final effluent turbidity of the biological and non-biological filters 
(Figure 18). Both the standard biofilter and nutrient-enhanced biofilter had higher effluent 
turbidity levels (p < 0.05) than the other filters (average final effluent turbidity ~0.057 NTU 
compared to 0.038 NTU). Contrary to the other biofilters, the chlorinated backwash 
biofilter had very similar effluent concentrations to the two non-biological filters. 
However, all the biofilters had slightly more variable effluent turbidity (Figure 17-B) than 
the non-biological filters (Figure 17-C) (σ = 0.023 NTU compared to σ = 0.010 NTU). 
Despite the fluctuations in turbidity, head loss accumulation remained similar in all filters. 
Again, head loss was not impacted by biological conversion (Appendix B, Figure B-9), 
which was validated by the low EPS concentrations on each filter. 
 Turbidity breakthrough was more common in the biofilters than the non-biological 
filters in the spring and summer months. Backwashing was triggered more often by head 
loss than turbidity for the non-biological filters. Despite this finding, run times and UFRVs 
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Figure 16. Time series plot of influent and effluent turbidity for biological and non-
biological filters. Effluent turbidity represents the turbidity value just prior to backwash. 
Graph is plotted on a log scale. 
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Figure 17. (A) Time series plot effluent turbidity for biological and non-biological filters. 
Effluent turbidity represents the turbidity value just prior to backwash. Plots B and C 
separate the biological (C) and non-biological (B) final turbidity values. 
 
B
A 
C
B
A 
A 
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Figure 18. Boxplot comparison of biological and non-biological filters for final effluent 
turbidity. Letters (i.e., a, b, c, etc.) denote statistically significant differences among 
filters by the Mann-Whitney U-test. 
 
were unaffected, except in the nutrient-enhanced biofilter (Figure 13-B). It appeared that 
there was a transition of the backwash trigger mechanism from head loss to turbidity for 
the biofilters. Stoddart and Gagnon (2015) had a similar experience while converting to 
biofiltration, where they had higher effluent turbidity with no real differences in UFRVs or 
filter run times. Initial turbidity breakthrough is a common problem while converting to a 
biofiltration plant, but turbidity values typically return to normal effluent values 
(Upadhyaya et al. 2017). However, for the QCWTP, increased turbidity breakthrough was 
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not experienced directly after conversion, but was more dependent on the season (higher 
in winter/spring and early summer).  
The biofilters received the same polymer and alum dosages as all the other filters 
in the plant. The polymer and alum doses were not optimized specifically for the biofilters, 
so it is likely they the biofilters weren’t performing as efficiently as possible. More 
information regarding optimal polymer and coagulant dose differences between biological 
and non-biological filters is necessary to reach meaningful conclusions. 
 The removal of pre-chlorination at the QCWTP had a larger impact on operational 
parameters than the other variables already investigated (i.e., organic carbon removal, 
water quality, etc.). After the removal of pre-chlorination, UFRVs and run times were 
unaffected, except for the nutrient-enhanced filter, which experienced early turbidity 
breakthrough near the end of the study. Longer backwash times and higher backwash rates 
were also required for the nutrient-enhanced and chlorinated backwash biofilters. Excess 
nutrient buildup likely caused the media to clump together, which resulted in a change of 
backwashing procedure for that filter. Backwashing for the biofilters was triggered more 
often by turbidity than head loss compared to the non-biological filters. However, head loss 
accumulation, UFRVs, and run times were unaffected. Overall, overdosing nutrients had a 
detrimental impact on filter performance, but the removal of pre-chlorination only caused 
small changes in effluent turbidity.  
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4.1.5 Nutrients 
 Multiple studies have shown that nutrient supplementation could be beneficial in 
optimizing the performance of biofilters (Fu et al. 2017; Granger et al. 2014; Lauderdale 
et al. 2012), but others have found no significant benefit (Azzeh et al. 2015; McKie et al. 
2015; Rahman et al. 2016). The contradictory results from the literature suggest that 
nutrient supplementation in biofiltration is still not well understood or justified, especially 
at full-scale. Different forms of carbon (DOC removal and CBXAs), nitrogen (TN, NH4, 
and NOx), and phosphorus (TP and orthophosphate) were tracked at the influent and 
effluent of each filter to determine the impact of nutrients at the QCWTP. A comparison 
of the median nutrient concentrations being supplied to the enhanced and non-enhanced 
biofilters is shown in Figure 19. 
 
 
Figure 19. Median filter influent nutrient concentrations for the nutrient enhanced and 
non-enhanced biofilters 
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 The nutrient-enhanced biofilter was supplied with nitrogen and phosphorus at a rate 
of 120 and 1,100 mL/hr as phosphoric acid and ammonium chloride, respectively. These 
were the lowest settings for the nutrient pumps; so lower enhancement concentrations 
could not be achieved. The operators chose to avoid dilution of nutrients, since adding 
water to a concentrated acid can be hazardous. Higher concentrations of nitrogen species 
(NH4-N and NOx-N) and phosphorus species (TP-P and PO4-P) were observed in the 
nutrient-enhanced biofilter, relative to the other filters (Figure 19). This was especially 
apparent with phosphorus. Similar bioavailable carbon (CBXAs-C and removed DOC) 
concentrations were observed across all filters, as expected. Evans et al. (2013a) indicated 
that DOC removals lower than 0.2 mg/L don’t produce practical results; however, DOC 
removal was used to calculate the C:N:P ratio so comparisons could be made with other 
studies. Since median DOC removal was similar to CBXAs removal (Figure 19), it was 
assumed that DOC removal would be fairly representative of available carbon. The median 
influent concentrations of the non-enhanced filter for DOC removal, NH4-N, and PO4-P 
were 0.045 mg/L, 0.009 mg-N/L, and 0.005 mg-P/L (PO4-P MDL), respectively, which 
equates to a C:N:P ratio of 100:14:3.4. The majority of PO4-P samples were below the 
detection limit of 0.005 mg-P/L, so it’s likely that the actual concentration was lower. 
However, similar concentrations of TP and PO4-P were observed throughout the study, 
indicating that TP was mostly comprised of PO4-P. The median non-enhanced filter 
influent for TP was 0.052 mg-P/L, which would suggest that the median concentration for 
PO4-P was likely near the detection limit. The recommended optimum ratio for drinking 
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water filter microorganisms is 100:10:1 (LeChevallier et al. 1991). This suggested that the 
system was carbon-limited and not nitrogen- or phosphorus-limited, since the ratio was 
being met. Despite the 100:10:1 ratio already being met, WCWCD chose to continue to 
dose nitrogen and phosphorus to the filter to determine if excess nutrients could further 
increase growth and organic carbon removal. The median influent concentrations of the 
enhanced biofilter for DOC removal, NH4-N, and PO4-P were 0.06 mg/L, 0.016 mg-N/L, 
and 0.075 mg-P/L, which equates to a C:N:P ratio of 100:23:49. This suggested that the 
filter was being overdosed two times the recommended N amount and almost 50 times the 
recommended P amount. 
 Azzeh et al. (2015) found that overdosing pilot filters to a C:N:P (DOC 
removal:NH4:PO4) ratio of 100:40:20 resulted in a decrease of biopolymer by 25% relative 
to the control biofilter. To date, no full-scale biofiltration plants studies were found that 
investigated the impact of nutrient overdosing. The QCWTP full-scale experiment has 
shown that overdosing can have detrimental impacts on backwash time/volume and 
turbidity breakthrough (Figure 14 - Figure 18). Therefore, it is recommended that plant 
managers properly investigate the water matrix before incorporating nutrient enhancement. 
 
4.1.6 Filter Core Study 
 A filter core study was conducted during the summer of 2017 to investigate how 
ATP concentrations change through depth and across a filter run. Other parameters were 
also collected (CBXAs, TOC/DOC, nutrients, etc.); however, no significant impact could 
be established between filter run time and any of the parameters. The removals of TOC, 
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DOC, acetate, and formate across the length of a filter run are shown in Appendix B, Figure 
B-11. ATP concentrations throughout three filter runs are shown in Figure 20. 
 
 
 
Figure 20. Time series plot of ATP throughout the entire filter run during each filter core 
analysis. 
 
ATP media concentration was collected twice a day throughout a filter run. ATP 
concentration rapidly increased throughout the filter run and then returned to similar 
starting values after backwashing, resulting in approximately no net accumulation. Gibert 
et al. (2013), Liao et al. (2014), and Stoddart et al. (2016) all found similar results, where 
biomass buildup was restored to pre-backwashing levels. The same studies also found that 
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filters experienced an initial rapid increase of bioactivity shortly after backwashing, but 
then followed a more gradual increase until the end of the filter run. 
 Organic removal trends across a filter run were also examined to determine if 
increasing biological growth impacted removal rates. No noticeable trends could be found 
for any of the parameters (i.e., TOC, DOC, acetate, formate) (Appendix B, Figure B-11). 
It was concluded that filter run length had no impact on organic removal, despite the 
increasing ATP concentrations over time.  
ATP media core sample concentrations over depth were also collected, as shown in 
Figure 21. 
 
 
Figure 21. Filter core depth profiles for ATP on media. 
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 Media depth profile samples were collected immediately before backwashing. The 
results indicated that the majority of biomass was in the top few inches of filter media, 
averaging 353 ng ATP/cm3 in the top 2 inches and 42 ng ATP/cm3 in depths greater than 
23 inches. Pharand et al. (2014) conducted a similar experiment, where filter core samples 
were taken from a full-scale anthracite/sand biofiltration plant. They found that ATP 
concentration was highest at the top of the biofilter, with concentration of 1,018 and 901 
ng ATP/cm3 media at depths of 0 and 6 inches, respectively. These values steadily 
decreased to 253 ng ATP/cm3 media at the bottom of the anthracite layer and then even 
further into the sand layer. These results were very similar to the QCWTP findings and 
other pilot studies (Rahman 2013; Velten et al. 2011). Fu et al. (2017) investigated the 
removal of NOM over depth. The study found that the middle-upper part of the GAC 
contactor was the critical zone for NOM removal (DOC and UVA). Again, this indicated 
that biological activity might not be the major indicator for organics removal. Further 
investigation is required in this subject. 
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CHAPTER 5 
CONCLUSIONS 
The potential benefits of biological filtration (i.e., higher organics and DBP 
precursor removal) have led many drinking water treatment plants to convert their 
conventional filtration system to a biologically active system. This is often accomplished 
by removing chlorination before filtration. However, after the removal of pre-chlorination 
problems such as turbidity breakthrough, manganese release, and finished water quality 
deterioration frequently occur. Experiments have been conducted that compare water 
quality and hydraulic performance before and after biological conversion (Stoddart and 
Gagnon 2015), but little research has been done to evaluate the side-by-side conversion 
process with other non-biological filters, especially in a carbon limited environment. The 
overall objective of this study was to evaluate how the biological conversion process 
impacted water quality and filter performance by comparing operational and water quality 
parameters against other non-biological filters at the Quail Creek Water Treatment Plant. 
The following are the key findings from the study: 
 The source water was found to be low in organic carbon (TOC < 2 mg/L and 
CBXAs < 50 μg-C/L). There was a statistically significant reduction across the 
biofilters, but the differences among the filters’ performances were small (< 0.06 
mg/L-DOC and < 3 μg-C/L-CBXAs) and considered practically insignificant. No 
relationship was found between filter run time and organic carbon removals. 
 Small differences in biological activity (as indicated by ATP) were observed 
between the biological and non-biological filters (median differences ranging from 
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175 – 2,300 ng ATP/cm3). EPS media concentration was also found to be low on 
the biofilters. ATP concentration returned to pre-backwashing conditions after a 
backwash, resulting in no apparent net accumulation. ATP concentration was also 
found to decrease with media depth. The low biological activity was likely due to 
the limited carbon supply, where it’s probable that the biofilters degraded all the 
assimilable organic carbon available. 
 Biofilters improved finished water quality by reducing DBP concentrations, 
compared to the non-biological filter. This was observed despite there being no 
differences between organic carbon removals among filters. Only a slight increase 
of effluent manganese was observed, compared to the non-biological filter after 
pre-chlorination removal, but manganese stabilized after a few months. 
 Biological conversion had no impact on filter performance, as indicated by UFRVs, 
head loss accumulation and filter run times. However, it did have a small impact on 
effluent turbidity, where slightly higher (~0.014 NTU) and more variable final 
effluent turbidity values (though still within EPA drinking water standards and even 
within the plant’s operational goals, established by the Partnership for Safe Water 
and the Utah Water Quality Alliance) were observed at the biofilters compared to 
the non-biological filters. The trigger for biofilters backwash shifted from being 
driven by head loss to more often being driven by turbidity breakthrough. 
 Overdosing nutrients (C:N:P - 100:20:50) had a negative impact on filter 
performance. Longer backwash times and rates were required for the nutrient 
enhanced biofilter. Near the end of the study, the nutrient-enhanced biofilter 
93 
experienced frequent early turbidity breakthrough (filter run time of 10 – 20 hours) 
until the extra nutrients were shut off. Excess nutrients can build up on filters, which 
possibly caused media clumping and turbidity breakthrough.  
 Chlorinated backwashing appeared to have no significant impact on the biofilter’s 
performance, where only small differences in ATP concentration and hydraulic 
performance were observed between the chlorinated backwashed biofilter and 
standard biofilter. 
In a carbon-limited system, the removal of pre-chlorination at full-scale improved 
water quality by reducing DBP formation, but slightly increased variability of final effluent 
turbidity, shifting the backwash triggering mechanisms from being head loss-driven to 
more turbidity-driven. After the addition of ozone, which is expected within the next 5 
years, improvements in organic carbon removal and microbial growth would likely be 
experienced, thus making biological conversion a viable option for the QCWTP.  
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CHAPTER 6 
ENGINEERING SIGNIFICANCE 
 The majority of biofiltration studies show results before and after biofilter 
conversion. This study is unique, for a comparison of biologically active filters and non-
biologically active filters were compared in real time; thus, removing differences in raw 
water quality typically observed from month to month. Many conventional drinking water 
treatment plant managers are converting their filters to biological mode to improve water 
quality. However, unintended consequences may arise during the conversion process (e.g., 
manganese release, turbidity breakthrough, etc.). In order to mitigate these problems a 
greater knowledge base on this subject is required. Resources are especially limited for 
conventional plants converting to biological mode with a source water low in nutrients (i.e., 
carbon, nitrogen, and phosphorus).  
The insights gained from this study can provide guidance to plant managers who 
convert non-ozonated, anthracite media plants with low influent nutrients to biofiltration 
plants. The following insights from the study can be applied to other utilities considering 
biofiltration conversion: 
 A proper investigation of the water matrix is important to determine which, if any, 
nutrient is limited. Overdosing nutrients may be unwise for a system low in carbon. 
 Despite carbon limitation, lower formation of DBPs can still be achieved in 
biofilters compared to non-biological filters. 
 Increased NOM removal would likely be small; therefore, this should not be the 
only driver for biological conversion. 
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 Slightly more variable final effluent turbidity might occur. This would likely have 
no impact on a system whose backwashing mechanism is typically triggered by 
head loss. However, a system whose backwash mechanism is typically triggered by 
turbidity breakthrough should carefully monitor filter run times and UFRVs after 
biofilter conversion.  
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CHAPTER 7 
FUTURE RESEARCH 
 To date, limited research has been conducted at full-scale biological drinking water 
treatment plants in low-nutrient, low-turbidity environments. Therefore, further research 
should be conducted to investigate the impact of a low carbon environment on: 
 EPS production and its potential impact on filter head loss; 
 Impact of different carbon, nitrogen, and phosphorus sources on EPS production 
and ATP concentration; 
 The composition of NOM and its use by microorganisms; 
 The reduction of DBPs formation compared to the removal of different forms of 
carbon; 
 The impact of chlorinated backwash water on concentration and composition of 
microorganisms in filter media. 
 Extensive research has been conducted investigating proper coagulant and polymer 
doses for conventional treatment plants. However, conversion to biological filtration could 
have an impact on coagulant and polymer doses (even though filtration follows coagulation 
and flocculation). A greater knowledge base in this subject could help plants managers 
optimize the biological conversion process. A guidance manual (currently under 
development, sponsored by the Water Research Foundation) specifically catered to plant 
operations on diagnosing potential problems that could arise during the biofiltration 
conversion process will be beneficial. 
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7.1 Guidance for the QCWTP 
 The following is a summary of recommendations and monitoring guidance for the 
Quail Creek Water Treatment Plant managers and operators, once the filters are operated 
in biologically-active mode.    
 
7.1.1 Further Investigation 
 At the close of the study, there were still many unanswered questions that warranted 
further explanation. The following list highlights work that could be conducted to close 
some gaps, indicated throughout the study: 
 Determining if a filter is operating in biologically-active mode; 
o Scanning Electron Microscope (SEM) and microbial characterization and 
abundance could be evaluated to compare differences between non-
chlorinated and chlorinated filters. 
 Establishing the impact of chlorinated backwash on a biological filter; 
o If full-scale biofiltration is implemented throughout the entire plant, half of 
the biofilters could be cleaned with chlorinated backwash to compare 
differences in performance. 
o Microbial characterization should be conducted to determine if chlorinated 
backwash promotes growth of pathogenic or chlorine-resistant bacteria. 
 Evaluating effluent turbidity during biological conversion; 
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o Coagulant and polymer dose adjustments should be made to determine if 
turbidity instability could result from biological activity in filters or is an 
operational issue. 
 Determining the impact of nutrient addition; 
o It’s recommended that nutrient addition should not be implemented at full-
scale; however, pilot studies could be conducted to determine why nutrient 
overdosing resulted in turbidity breakthrough. 
 Establishing the relationship between organic carbon removal and biological 
activity; 
o Another filter core study should be conducted to determine which 
parameter, if not biological activity, has the largest impact on organic 
carbon removal. 
It is recommended that ozone be implemented at the plant to increase the 
availability of carbon in the water. However, after ozone installation, more testing should 
be conducted to re-evaluate filter performance. If increased carbon leads to limiting 
phosphorus and nitrogen conditions, nutrient addition might also be re-evaluated. 
 
7.1.2 Monitoring Guidance 
 Table 11 provides potential monitoring parameters and frequencies for the plant 
during the conversion process. Most of the information provided in Table 11 comes from 
suggestions made by the Upadhyaya et al. (2017) and Evans et al. (2013a) studies. After 
99 
the biofilters are fully acclimated and parameter results are remaining stable, sampling 
frequency may be decreased. 
 
Table 11. Potential monitoring parameters and frequency during biofiltration conversion 
(Evans et al. 2013a; Upadhyaya et al. 2017). 
Category Parameter Location Frequency Comments 
W
at
er
 Q
u
al
it
y
 P
ar
am
et
er
s 
Temperature 
Biofilter 
influent 
Continuous  
pH 
Biofilter 
influent, 
Biofilter 
effluent 
Continuous  
DO 
Biofilter 
influent, 
Biofilter 
effluent 
As needed 
Consider if in-line DO 
probe is installed 
Turbidity 
Biofilter 
influent, 
Biofilter 
effluent 
Continuous 
Biofilter influent must 
be measured by grab 
samples 
TOC 
Biofilter 
influent, 
Biofilter 
effluent 
1-2/week  
DOC 
Biofilter 
influent, 
Biofilter 
effluent 
1-2/week  
UV254 
Biofilter 
influent, 
Biofilter 
effluent 
1-2/week  
BDOC 
Biofilter 
influent, 
Biofilter 
effluent 
1-2/month 
Use to check DOC and 
CBXAs removal 
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Category Parameter Location Frequency Comments 
W
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s 
CBXAs 
Biofilter 
influent, 
Biofilter 
effluent 
1-2/week  
Ammonia 
Biofilter 
influent 
1/week For C:N:P ratio 
Orthophosphate 
Biofilter 
influent 
1/week For C:N:P ratio 
Manganese 
Biofilter 
influent, 
Biofilter 
effluent 
1/week 
More frequent sampling 
is recommended (e.g., 
1/2 hours) during 
manganese release 
evaluation 
DBP formation 
potential 
Finished 
water 
1/month  
Chlorine residual 
Biofilter 
influent, 
Biofilter 
backwash 
1-2/day  
H
y
d
ra
u
li
c 
P
ar
am
et
er
s 
Hydraulic 
loading rate 
 Continuous  
Filter run time  Continuous  
UFRV  1/run  
Terminal head 
loss 
 Continuous  
Clean bed head 
loss 
 1/run  
Head loss 
accumulation 
 Continuous  
Backwash flow 
rate 
 When 
backwashing 
 
Air scour rate  
When 
backwashing 
 
Underdrain 
pressure 
 Continuous  
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Category Parameter Location Frequency Comments 
M
ic
ro
b
ia
l 
P
ar
am
et
er
s 
ATP 
Biofilter 
media 
1/week 
Especially important to 
monitor during 
bioacclimation period 
HPC 
Finished 
water 
1/week  
EPS 
Biofilter 
media 
As needed 
Test if hydraulic 
performance 
deteriorates 
Microbial 
community 
structure 
Biofilter 
media 
As needed 
Characterize after 
complete 
bioacclimation period 
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APPENDIX A: PHOTOS 
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 Appendix A includes the photos that were not relevant in the main body of the 
paper. 
 
 
 
Figure A-1. 55-gallon drums of phosphoric acid and ammonium chloride for nutrient 
addition. 
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Figure A-2. Filter influent (A) and effluent (B) sampling location 
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Figure A-3. ATP media samplers: (A) pool net, (B) dust scooper, (C) lake soil sampler. 
 
 
 
Figure A-4. (A) Media core sampler and (B) media from each cell of the media sampler
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APPENDIX B: QUAIL CREEK WATER TREATMENT PLANT SUPPLEMENTARY 
MATERIAL 
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 Appendix B consists of the supplementary data, plots, and information that were 
not included in the main body of the paper. 
 
 
Table B-1. Summary statistics of the different parameter collected throughout the study. 
“Inf. Vs. Eff.” represents statistically significant differences made between the influent 
and effluent. “Compar. of Filt. Eff.” and “Compar. of Filt. Removal” represents statistical 
significant differences among filters for the effluent or removal concentrations.  
Variable 
Unit 
Location 
No. 
Samples 
No. 
Censored 
Median Mean Std. Dev. MAD 
Avg. 
Removal 
Percent 
Removal 
Inf. 
Vs 
Eff. 
Compar. 
of Filt. 
Eff. 
Compar. 
of Filt. 
Removal 
Acetate 
[ug/L] 
Control 
Influent 
35 0 1.34E+01 1.56E+01 6.46E+00 3.62E+00      
Acetate 
[ug/L] 
Control 
Effluent 
36 0 1.18E+01 1.27E+01 6.37E+00 3.02E+00 1.6 ug/L 12.10% * a a 
Acetate 
[ug/L] 
Chlor BW 
Influent 
26 0 1.44E+01 1.43E+01 5.49E+00 4.52E+00      
Acetate 
[ug/L] 
Chlor BW 
Effluent 
26 0 1.10E+01 1.17E+01 4.40E+00 3.02E+00 3.5 ug/L 23.90% * a a 
Acetate 
[ug/L] 
Std Bio 
Influent 
30 0 1.26E+01 1.49E+01 7.23E+00 4.82E+00      
Acetate 
[ug/L] 
Std Bio 
Effluent 
35 0 1.18E+01 1.23E+01 5.88E+00 5.43E+00 0.81 ug/L 6.45%  a a 
Acetate 
[ug/L] 
Nutrient 
Influent 
28 0 1.32E+01 1.45E+01 6.96E+00 3.62E+00      
Acetate 
[ug/L] 
Nutrient 
Effluent 
28 0 1.20E+01 1.30E+01 5.64E+00 3.32E+00 1.2 ug/L 9.23%  a a 
Alum 
Dose 
[ppm] 
Plant 
Influent 
309 0 1.20E+01 1.22E+01 1.48E+00 1.48E+00      
ATP [ng 
ATP/cm^
3] 
Control 
Media 
26 0 2.89E+05 6.11E+05 7.78E+05 3.21E+05    a  
ATP [ng 
ATP/cm^
3] 
Chlor BW 
Media 
28 0 2.65E+03 2.57E+03 2.06E+03 2.38E+03    b  
ATP [ng 
ATP/cm^
3] 
Std Bio 
Media 
29 0 5.36E+02 1.36E+03 1.61E+03 5.45E+02    a/b  
ATP [ng 
ATP/cm^
3] 
Nutrient 
Media 
30 0 1.26E+03 2.04E+03 2.14E+03 1.19E+03    b  
ATP [pg 
ATP/g] 
Control 
Media 
27 0 2.58E+05 5.88E+05 7.72E+05 2.86E+05    a  
ATP [pg 
ATP/g] 
Chlor BW 
Media 
28 0 1.99E+06 1.93E+06 1.55E+06 1.79E+06    b  
ATP [pg 
ATP/g] 
Std Bio 
Media 
29 0 4.02E+05 1.02E+06 1.20E+06 4.08E+05    a/b  
ATP [pg 
ATP/g] 
Nutrient 
Media 
30 0 9.43E+05 1.53E+06 1.61E+06 8.94E+05    b  
Avg Flow 
[MGD] 
Outer 
Control 
83 0 4.19E+00 4.22E+00 4.16E-01 5.04E-01    a  
Avg Flow 
[MGD] 
Control 81 0 4.00E+00 4.03E+00 4.50E-01 4.30E-01    b  
Avg Flow 
[MGD] 
Chlor BW 80 0 4.01E+00 4.05E+00 4.16E-01 4.97E-01    a/b  
Avg Flow 
[MGD] 
Std Bio 87 0 4.03E+00 4.06E+00 4.53E-01 5.78E-01    a/b  
Avg Flow 
[MGD] 
Nutrient 90 0 3.98E+00 4.04E+00 4.23E-01 5.34E-01    b  
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Variable/
Unit 
Location 
No. 
Samples 
No. 
Censored 
Median Mean Std. Dev. MAD 
Avg. 
Removal 
Percent 
Removal 
Inf. 
Vs 
Eff. 
Compar. 
of Filt. 
Eff. 
Compar. 
of Filt. 
Removal 
BW 
Water 
[MG] 
Outer 
Control 
82 0 1.24E-01 1.27E-01 8.99E-03 1.48E-03    a  
BW 
Water 
[MG] 
Control 82 0 1.25E-01 1.30E-01 1.99E-02 1.48E-03    b  
BW 
Water 
[MG] 
Chlor BW 80 0 1.37E-01 1.44E-01 1.53E-02 4.45E-03    c  
BW 
Water 
[MG] 
Std Bio 87 0 1.26E-01 1.31E-01 1.30E-02 2.97E-03    b  
BW 
Water 
[MG] 
Nutrient 88 0 1.57E-01 1.65E-01 3.81E-02 4.00E-02    c  
CBXAs 
[ug/L] 
Control 
Influent 
35 2 4.97E+01 4.87E+01 1.59E+01 1.54E+01      
CBXAs 
[ug/L] 
Control 
Effluent 
36 2 3.73E+01 4.35E+01 1.74E+01 9.37E+00 12 ug/L 24.90%  a a 
CBXAs 
[ug/L] 
Chlor BW 
Influent 
25 7 5.11E+01 4.72E+01 1.79E+01 2.10E+01      
CBXAs 
[ug/L] 
Chlor BW 
Effluent 
26 3 3.74E+01 3.98E+01 1.31E+01 1.08E+01 14 ug/L 26.70% * a a 
CBXAs 
[ug/L] 
Std Bio 
Influent 
30 9 4.63E+01 4.90E+01 1.89E+01 1.53E+01      
CBXAs 
[ug/L] 
Std Bio 
Effluent 
35 5 3.75E+01 4.09E+01 1.74E+01 1.65E+01 8.8 ug/L 19.10%  a a 
CBXAs 
[ug/L] 
Nutrient 
Influent 
28 5 4.19E+01 4.80E+01 1.83E+01 1.51E+01      
CBXAs 
[ug/L] 
Nutrient 
Effluent 
27 7 3.78E+01 4.23E+01 1.95E+01 1.26E+01 4.1 ug/L 9.79%  a a 
Cl2 Dose 
[ppm] 
Plant 
Influent 
309 0 1.84E+00 1.84E+00 1.36E-01 1.63E-01      
Cl2_Resi
dual 
[mg/L] 
Control 
Influent 
38 1 2.50E-01 2.51E-01 1.44E-01 2.22E-01      
Cl2_Resi
dual 
[mg/L] 
Control 
Effluent 
36 1 7.00E-02 9.21E-02 7.65E-02 7.41E-02 0.18 mg/L 72% * a a 
Cl2_Resi
dual 
[mg/L] 
Chlor BW 
Influent 
34 7 3.00E-02 3.01E-02 1.81E-02 1.48E-02      
Cl2_Resi
dual 
[mg/L] 
Chlor BW 
Effluent 
34 13 1.00E-02 2.15E-02 2.76E-02 1.12E-02 0.02 mg/L 66.70%  b b 
Cl2_Resi
dual 
[mg/L] 
Std Bio 
Influent 
36 2 3.00E-02 3.83E-02 2.47E-02 1.48E-02      
Cl2_Resi
dual 
[mg/L] 
Std Bio 
Effluent 
35 12 1.00E-02 2.92E-02 3.84E-02 1.32E-02 0.02 mg/L 66.70%  b b 
Cl2_Resi
dual 
[mg/L] 
Nutrient 
Influent 
34 2 3.00E-02 3.74E-02 2.83E-02 2.97E-02      
Cl2_Resi
dual 
[mg/L] 
Nutrient 
Effluent 
35 7 2.00E-02 3.42E-02 3.75E-02 2.15E-02 0.01 mg/L 33.30%  b b 
Daily 
Demand 
[MGD] 
Plant 
Influent 
309 0 2.24E+01 2.11E+01 9.94E+00 1.13E+01      
DO 
[mg/L] 
Control 
Influent 
28 0 9.91E+00 9.23E+00 2.95E+00 4.34E+00      
DO 
[mg/L] 
Control 
Effluent 
28 0 9.80E+00 8.94E+00 2.66E+00 3.48E+00 0.11 mg/L 1.11% * a a 
DO 
[mg/L] 
Chlor BW 
Influent 
26 0 9.22E+00 9.14E+00 2.91E+00 3.67E+00      
DO 
[mg/L] 
Chlor BW 
Effluent 
26 0 1.01E+01 9.22E+00 2.95E+00 4.49E+00 
-0.83 
mg/L 
-9%  a a 
DO 
[mg/L] 
Std Bio 
Influent 
30 0 8.78E+00 9.08E+00 2.50E+00 2.93E+00      
DO 
[mg/L] 
Std Bio 
Effluent 
28 0 8.76E+00 8.78E+00 2.63E+00 3.33E+00 
0.025 
mg/L 
0.29%  a a 
DO 
[mg/L] 
Nutrient 
Influent 
24 0 1.09E+01 9.86E+00 3.03E+00 3.37E+00      
DO 
[mg/L] 
Nutrient 
Effluent 
22 0 9.65E+00 9.65E+00 3.39E+00 3.73E+00 1.2 mg/L 11.10%  a a 
DOC 
[mg/L] 
Control 
Influent 
32 0 1.84E+00 1.83E+00 1.43E-01 1.26E-01      
DOC 
[mg/L] 
Control 
Effluent 
32 0 1.84E+00 1.83E+00 1.35E-01 1.33E-01 
-0.01 
mg/L 
-0.55%  a a 
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Variable/
Unit 
Location 
No. 
Samples 
No. 
Censored 
Median Mean Std. Dev. MAD 
Avg. 
Removal 
Percent 
Removal 
Inf. 
Vs 
Eff. 
Compar. 
of Filt. 
Eff. 
Compar. 
of Filt. 
Removal 
DOC 
[mg/L] 
Chlor BW 
Influent 
29 0 1.91E+00 1.88E+00 1.75E-01 1.78E-01      
DOC 
[mg/L] 
Chlor BW 
Effluent 
30 0 1.86E+00 1.85E+00 1.70E-01 1.56E-01 
0.055 
mg/L 
2.88% * a a 
DOC 
[mg/L] 
Std Bio 
Influent 
32 0 1.84E+00 1.82E+00 1.51E-01 1.48E-01      
DOC 
[mg/L] 
Std Bio 
Effluent 
31 0 1.79E+00 1.79E+00 1.43E-01 1.19E-01 
0.055 
mg/L 
2.98% * a a 
DOC 
[mg/L] 
Nutrient 
Influent 
29 0 1.88E+00 1.86E+00 1.21E-01 1.19E-01      
DOC 
[mg/L] 
Nutrient 
Effluent 
29 0 1.82E+00 1.81E+00 1.38E-01 1.48E-01 0.06 mg/L 3.19% * a a 
EBCT 
[min] 
Outer 
Control 
83 0 4.40E+00 4.42E+00 4.47E-01 5.93E-01    a  
EBCT 
[min] 
Control 82 0 4.60E+00 4.62E+00 5.01E-01 5.93E-01    a  
EBCT 
[min] 
Chlor BW 80 0 4.60E+00 4.61E+00 4.75E-01 5.93E-01    a  
EBCT 
[min] 
Std Bio 87 0 4.60E+00 4.60E+00 5.07E-01 5.93E-01    a  
EBCT 
[min] 
Nutrient 91 0 4.60E+00 4.61E+00 4.94E-01 5.93E-01    a  
EPS [mg 
glucose/g 
TS] 
Control 
Media 
12 0 9.90E-01 9.37E-01 3.10E-01 2.15E-01    a  
EPS [mg 
glucose/g 
TS] 
Chlor BW 
Media 
15 0 1.07E+00 1.19E+00 6.62E-01 1.48E-01    a  
EPS [mg 
glucose/g 
TS] 
Std Bio 
Media 
14 0 9.90E-01 9.66E-01 4.02E-01 1.85E-01    a  
EPS [mg 
glucose/g 
TS] 
Nutrient 
Media 
15 0 1.06E+00 1.28E+00 7.02E-01 2.08E-01    a  
Formate 
[ug/L] 
Control 
Influent 
36 0 7.83E+00 8.02E+00 1.95E+00 1.35E+00      
Formate 
[ug/L] 
Control 
Effluent 
36 0 5.48E+00 5.74E+00 1.68E+00 1.55E+00 2.3 ug/L 30% * a a 
Formate 
[ug/L] 
Chlor BW 
Influent 
26 0 5.87E+00 6.21E+00 2.40E+00 1.55E+00      
Formate 
[ug/L] 
Chlor BW 
Effluent 
26 0 4.70E+00 4.89E+00 1.80E+00 1.35E+00 1.2 ug/L 20% * b a 
Formate 
[ug/L] 
Std Bio 
Influent 
31 1 5.74E+00 5.94E+00 1.80E+00 1.16E+00      
Formate 
[ug/L] 
Std Bio 
Effluent 
35 0 4.17E+00 4.41E+00 1.56E+00 1.55E+00 1.6 ug/L 27.30% * b a 
Formate 
[ug/L] 
Nutrient 
Influent 
28 0 5.74E+00 6.07E+00 2.54E+00 1.55E+00      
Formate 
[ug/L] 
Nutrient 
Effluent 
28 1 4.30E+00 4.35E+00 1.35E+00 1.55E+00 1.4 ug/L 25% * b a 
HAA5 
[ug/L] 
Control 
Effluent 
9 0 1.86E+01 1.86E+01 1.04E+01 1.26E+01    a  
HAA5 
[ug/L] 
Chlor BW 
Effluent 
9 0 7.11E+00 1.14E+01 7.85E+00 5.14E+00    a  
HAA5 
[ug/L] 
Std Bio 
Effluent 
9 0 1.01E+01 1.44E+01 1.03E+01 8.33E+00    a  
HAA5 
[ug/L] 
Nutrient 
Effluent 
9 0 4.84E+00 8.83E+00 8.95E+00 2.05E+00    a  
HPC 
[MPN] 
Control 
Influent 
31 16 1.71E+00 2.30E+01 9.22E+01 2.01E+00      
HPC 
[MPN] 
Control 
Effluent 
31 18 1.26E+00 3.97E+01 1.34E+02 1.25E+00 0.45 MPN 26.50%  a a 
HPC 
[MPN] 
Chlor BW 
Influent 
28 0 1.51E+02 2.11E+02 1.94E+02 1.36E+02      
HPC 
[MPN] 
Chlor BW 
Effluent 
28 1 2.12E+02 3.19E+02 2.43E+02 2.82E+02 -62 MPN -40.70%  b/c a 
HPC 
[MPN] 
Std Bio 
Influent 
31 1 1.12E+02 1.95E+02 2.38E+02 1.23E+02      
HPC 
[MPN] 
Std Bio 
Effluent 
32 1 1.54E+02 2.59E+02 2.39E+02 1.85E+02 -42 MPN -37.10%  c a 
HPC 
[MPN] 
Nutrient 
Influent 
30 1 3.55E+02 3.77E+02 2.39E+02 2.53E+02      
HPC 
[MPN] 
Nutrient 
Effluent 
30 1 3.11E+02 3.50E+02 2.05E+02 2.19E+02 44 MPN 12.40%  b a 
Loading_
Rate 
[gpm/ft^2
] 
Outer 
Control 
83 0 5.50E+00 5.56E+00 5.44E-01 5.93E-01    a  
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Variable/
Unit 
Location 
No. 
Samples 
No. 
Censored 
Median Mean Std. Dev. MAD 
Avg. 
Removal 
Percent 
Removal 
Inf. 
Vs 
Eff. 
Compar. 
of Filt. 
Eff. 
Compar. 
of Filt. 
Removal 
Loading_
Rate 
[gpm/ft^2
] 
Control 82 0 5.30E+00 5.33E+00 6.13E-01 5.93E-01    b  
Loading_
Rate 
[gpm/ft^2
] 
Chlor BW 80 0 5.30E+00 5.33E+00 5.49E-01 7.41E-01    a/b  
Loading_
Rate 
[gpm/ft^2
] 
Std Bio 88 0 5.30E+00 5.36E+00 6.30E-01 7.41E-01    a/b  
Loading_
Rate 
[gpm/ft^2
] 
Nutrient 91 0 5.20E+00 5.34E+00 5.80E-01 5.93E-01    a/b  
Mn 
[mg/L] 
Control 
Effluent 
33 0 1.80E-02 1.82E-02 1.03E-02 1.19E-02    a  
Mn 
[mg/L] 
Chlor BW 
Effluent 
30 0 2.10E-02 2.24E-02 8.66E-03 1.04E-02    a  
Mn 
[mg/L] 
Std Bio 
Effluent 
33 0 2.40E-02 2.26E-02 8.22E-03 1.04E-02    a  
Mn 
[mg/L] 
Nutrient 
Effluent 
34 0 1.95E-02 2.13E-02 8.68E-03 8.90E-03    a  
NH4 
[ug/L] 
Control 
Influent 
17 12 1.73E+00 7.77E+00 1.29E+01 2.21E+00      
NH4 
[ug/L] 
Control 
Effluent 
15 9 7.68E+00 1.58E+01 1.80E+01 7.87E+00 -5.9 ug/L -343%  a a 
NH4 
[ug/L] 
Chlor BW 
Influent 
15 7 5.60E+00 2.15E+01 3.52E+01 7.39E+00      
NH4 
[ug/L] 
Chlor BW 
Effluent 
15 6 7.90E+00 2.81E+01 4.01E+01 1.11E+01 -2.3 ug/L -41.10%  a a/b 
NH4 
[ug/L] 
Std Bio 
Influent 
16 6 1.23E+01 2.97E+01 3.42E+01 1.52E+01      
NH4 
[ug/L] 
Std Bio 
Effluent 
16 8 1.27E+01 3.01E+01 3.10E+01 1.47E+01 
-0.42 
ug/L 
-3.43%  a a/b 
NH4 
[ug/L] 
Nutrient 
Influent 
18 6 1.56E+01 3.29E+01 4.19E+01 2.01E+01      
NH4 
[ug/L] 
Nutrient 
Effluent 
18 7 2.38E+01 2.97E+01 2.90E+01 2.28E+01 -8.3 ug/L -53.40%  a b 
NO3_NO
2 [ug/L] 
Control 
Influent 
17 6 3.82E+01 6.33E+01 6.03E+01 4.15E+01      
NO3_NO
2 [ug/L] 
Control 
Effluent 
15 6 5.33E+01 5.98E+01 4.78E+01 2.90E+01 -15 ug/L -39.50%  a a 
NO3_NO
2 [ug/L] 
Chlor BW 
Influent 
16 5 3.86E+01 4.68E+01 4.80E+01 4.42E+01      
NO3_NO
2 [ug/L] 
Chlor BW 
Effluent 
15 5 4.95E+01 5.60E+01 5.09E+01 5.58E+01 -11 ug/L -28.20%  a a 
NO3_NO
2 [ug/L] 
Std Bio 
Influent 
16 5 4.82E+01 5.74E+01 5.59E+01 5.91E+01      
NO3_NO
2 [ug/L] 
Std Bio 
Effluent 
16 6 3.60E+01 5.42E+01 5.98E+01 4.58E+01 12 ug/L 25.30%  a a 
NO3_NO
2 [ug/L] 
Nutrient 
Influent 
18 5 6.40E+01 7.46E+01 5.75E+01 6.53E+01      
NO3_NO
2 [ug/L] 
Nutrient 
Effluent 
18 5 4.39E+01 6.05E+01 6.14E+01 5.47E+01 20 ug/L 31.40%  a a 
Oxalate 
[ug/L] 
Control 
Influent 
36 2 2.10E+01 2.50E+01 1.55E+01 1.58E+01      
Oxalate 
[ug/L] 
Control 
Effluent 
36 2 2.22E+01 2.50E+01 1.50E+01 9.10E+00 -1.2 ug/L -5.84%  a a 
Oxalate 
[ug/L] 
Chlor BW 
Influent 
25 4 2.67E+01 2.70E+01 1.59E+01 1.37E+01      
Oxalate 
[ug/L] 
Chlor BW 
Effluent 
26 2 2.24E+01 2.32E+01 1.34E+01 1.37E+01 4.4 ug/L 16.30%  a a 
Oxalate 
[ug/L] 
Std Bio 
Influent 
31 3 2.54E+01 2.79E+01 1.83E+01 1.70E+01      
Oxalate 
[ug/L] 
Std Bio 
Effluent 
35 3 2.13E+01 2.42E+01 1.58E+01 1.74E+01 4.1 ug/L 16.10%  a a 
Oxalate 
[ug/L] 
Nutrient 
Influent 
28 2 2.56E+01 2.74E+01 1.63E+01 1.70E+01      
Oxalate 
[ug/L] 
Nutrient 
Effluent 
28 3 2.06E+01 2.44E+01 1.65E+01 1.23E+01 5 ug/L 19.70%  a a 
pH 
Plant 
Influent 
307 0 8.10E+00 8.10E+00 2.43E-01 2.97E-01    a  
pH 
Plant 
Effluent 
307 0 7.90E+00 7.90E+00 2.18E-01 1.48E-01    b  
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Variable/
Unit 
Location 
No. 
Samples 
No. 
Censored 
Median Mean Std. Dev. MAD 
Avg. 
Removal 
Percent 
Removal 
Inf. 
Vs 
Eff. 
Compar. 
of Filt. 
Eff. 
Compar. 
of Filt. 
Removal 
Plant 
Operation 
[hrs] 
Plant 
Influent 
309 0 1.40E+01 1.28E+01 4.27E+00 4.00E+00      
PO4 
[ug/L] 
Control 
Influent 
12 11 <0.05 <0.05 - -      
PO4 
[ug/L] 
Control 
Effluent 
12 11 <0.05 <0.05 - -    a a 
PO4 
[ug/L] 
Chlor BW 
Influent 
11 10 <0.05 <0.05 - -      
PO4 
[ug/L] 
Chlor BW 
Effluent 
11 10 <0.05 <0.05 - -    a a 
PO4 
[ug/L] 
Std Bio 
Influent 
12 11 <0.05 <0.05 - -      
PO4 
[ug/L] 
Std Bio 
Effluent 
12 11 <0.05 <0.05 - -    a a 
PO4 
[ug/L] 
Nutrient 
Influent 
12 0 7.48E+01 7.46E+01 2.37E+01 1.36E+01      
PO4 
[ug/L] 
Nutrient 
Effluent 
12 0 5.05E+01 4.71E+01 1.21E+01 7.12E+00 24 ug/L 32.50% * b b 
Polysacch
arides 
[mg 
glucose/g 
TS] 
Control 
Media 
12 0 2.10E-01 2.06E-01 1.19E-01 1.61E-01    a  
Polysacch
arides 
[mg 
glucose/g 
TS] 
Chlor BW 
Media 
15 0 2.20E-01 2.27E-01 1.04E-01 1.39E-01    a  
Polysacch
arides 
[mg 
glucose/g 
TS] 
Std Bio 
Media 
14 0 2.35E-01 2.18E-01 1.13E-01 1.33E-01    a  
Polysacch
arides 
[mg 
glucose/g 
TS] 
Nutrient 
Media 
15 0 2.80E-01 2.55E-01 9.89E-02 9.04E-02    a  
Proteins 
[BSA/g 
TS] 
Control 
Media 
12 0 7.70E-01 7.31E-01 2.42E-01 1.11E-01    a  
Proteins 
[BSA/g 
TS] 
Chlor BW 
Media 
15 0 8.50E-01 9.65E-01 6.30E-01 2.37E-01    a  
Proteins 
[BSA/g 
TS] 
Std Bio 
Media 
14 0 7.00E-01 7.49E-01 3.68E-01 2.08E-01    a  
Proteins 
[BSA/g 
TS] 
Nutrient 
Media 
15 0 8.30E-01 1.03E+00 7.04E-01 4.15E-01    a  
SUVA 
[L/cm 
mg] 
Control 
Influent 
32 0 1.26E+00 1.25E+00 1.68E-01 1.90E-01      
SUVA 
[L/cm 
mg] 
Control 
Effluent 
32 0 1.30E+00 1.31E+00 2.41E-01 2.08E-01 
-0.04 
L/cm mg 
-3.17%  a a 
SUVA 
[L/cm 
mg] 
Chlor BW 
Influent 
27 0 1.36E+00 1.39E+00 2.28E-01 2.52E-01      
SUVA 
[L/cm 
mg] 
Chlor BW 
Effluent 
28 0 1.40E+00 1.36E+00 2.60E-01 2.19E-01 
-0.035 
L/cm mg 
-2.57%  a a/b 
SUVA 
[L/cm 
mg] 
Std Bio 
Influent 
33 0 1.44E+00 1.45E+00 2.20E-01 2.13E-01      
SUVA 
[L/cm 
mg] 
Std Bio 
Effluent 
33 0 1.38E+00 1.34E+00 2.19E-01 2.30E-01 
0.06 L/cm 
mg 
4.17% * a b 
SUVA 
[L/cm 
mg] 
Nutrient 
Influent 
31 0 1.50E+00 1.41E+00 2.67E-01 2.22E-01      
SUVA 
[L/cm 
mg] 
Nutrient 
Effluent 
29 0 1.40E+00 1.37E+00 2.82E-01 3.56E-01 
0.1 L/cm 
mg 
6.65%  a a/b 
TDS 
[mg/L] 
Plant 
Influent 
306 0 5.03E+02 5.10E+02 3.48E+01 2.22E+01    a  
TDS 
[mg/L] 
Plant 
Effluent 
306 0 5.09E+02 5.12E+02 3.49E+01 1.78E+01    b  
Temperat
ure 
[degC] 
Plant 
Influent 
309 0 1.70E+01 1.77E+01 6.19E+00 7.86E+00      
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Unit 
Location 
No. 
Samples 
No. 
Censored 
Median Mean Std. Dev. MAD 
Avg. 
Removal 
Percent 
Removal 
Inf. 
Vs 
Eff. 
Compar. 
of Filt. 
Eff. 
Compar. 
of Filt. 
Removal 
Terminal 
Head loss 
[ft] 
Outer 
Control 
83 0 9.10E+00 8.71E+00 1.33E+00 7.41E-01    a  
Terminal 
Head loss 
[ft] 
Control 82 0 7.70E+00 7.67E+00 8.38E-01 2.97E-01    b  
Terminal 
Head loss 
[ft] 
Chlor BW 80 0 7.60E+00 7.57E+00 8.17E-01 2.97E-01    b/c  
Terminal 
Head loss 
[ft] 
Std Bio 85 0 7.50E+00 7.13E+00 1.32E+00 4.45E-01    c  
Terminal 
Head loss 
[ft] 
Nutrient 89 0 7.50E+00 7.24E+00 1.59E+00 4.45E-01    b/c  
TN 
[mg/L] 
Control 
Influent 
30 21 1.15E-01 1.52E-01 1.18E-01 8.04E-02      
TN 
[mg/L] 
Control 
Effluent 
30 19 1.45E-01 1.67E-01 9.09E-02 8.68E-02 
-0.03 
mg/L 
-25.70%  a a 
TN 
[mg/L] 
Nutrient 
Influent 
30 17 1.98E-01 2.11E-01 7.07E-02 6.39E-02      
TN 
[mg/L] 
Nutrient 
Effluent 
29 19 1.75E-01 1.85E-01 5.76E-02 5.50E-02 
0.023 
mg/L 
11.80%  a a 
TOC 
[mg/L] 
Control 
Influent 
34 0 1.92E+00 1.90E+00 1.50E-01 1.08E-01      
TOC 
[mg/L] 
Control 
Effluent 
34 0 1.77E+00 1.76E+00 1.20E-01 1.02E-01 0.15 mg/L 7.68% * a a 
TOC 
[mg/L] 
Chlor BW 
Influent 
29 0 1.92E+00 1.88E+00 1.71E-01 1.33E-01      
TOC 
[mg/L] 
Chlor BW 
Effluent 
31 0 1.78E+00 1.77E+00 1.45E-01 1.10E-01 0.14 mg/L 7.08% * a a 
TOC 
[mg/L] 
Std Bio 
Influent 
34 0 1.90E+00 1.87E+00 1.52E-01 1.10E-01      
TOC 
[mg/L] 
Std Bio 
Effluent 
35 0 1.73E+00 1.71E+00 1.30E-01 1.04E-01 0.17 mg/L 9.19% * a a 
TOC 
[mg/L] 
Nutrient 
Influent 
34 0 1.92E+00 1.90E+00 1.29E-01 9.49E-02      
TOC 
[mg/L] 
Nutrient 
Effluent 
34 0 1.78E+00 1.77E+00 1.14E-01 1.04E-01 0.14 mg/L 7.53% * a a 
Total 
Filtered 
[MG] 
Outer 
Control 
83 0 6.90E+00 7.10E+00 1.29E+00 1.47E+00    a  
Total 
Filtered 
[MG] 
Control 82 0 6.65E+00 6.62E+00 1.34E+00 1.41E+00    a  
Total 
Filtered 
[MG] 
Chlor BW 80 0 6.92E+00 6.94E+00 1.71E+00 1.65E+00    a  
Total 
Filtered 
[MG] 
Std Bio 86 0 6.55E+00 6.45E+00 1.31E+00 1.47E+00    a/b  
Total 
Filtered 
[MG] 
Nutrient 88 0 5.77E+00 6.01E+00 1.68E+00 1.74E+00    b  
Total Run 
Time 
[hrs] 
Outer 
Control 
83 0 4.04E+01 4.08E+01 8.39E+00 8.60E+00    a  
Total Run 
Time 
[hrs] 
Control 82 0 3.90E+01 3.95E+01 7.92E+00 9.27E+00    a/b  
Total Run 
Time 
[hrs] 
Chlor BW 80 0 4.11E+01 4.11E+01 8.54E+00 8.01E+00    a  
Total Run 
Time 
[hrs] 
Std Bio 86 0 3.76E+01 3.85E+01 7.92E+00 7.26E+00    a/b  
Total Run 
Time 
[hrs] 
Nutrient 89 0 3.61E+01 3.56E+01 9.70E+00 9.49E+00    b  
TP 
[mg/L] 
Control 
Influent 
30 4 5.15E-03 5.29E-03 1.80E-03 2.22E-03      
TP 
[mg/L] 
Control 
Effluent 
30 10 3.90E-03 4.12E-03 1.77E-03 1.78E-03 
0.0013 
mg/L 
24.30%  a a 
TP 
[mg/L] 
Nutrient 
Influent 
30 0 7.40E-02 7.49E-02 1.86E-02 1.26E-02      
TP 
[mg/L] 
Nutrient 
Effluent 
29 0 4.80E-02 4.86E-02 2.72E-02 8.90E-03 
0.026 
mg/L 
35.10% * b b 
TTHM 
[ug/L] 
Control 
Effluent 
9 0 8.07E+01 8.23E+01 1.38E+01 9.34E+00    a  
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No. 
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Median Mean Std. Dev. MAD 
Avg. 
Removal 
Percent 
Removal 
Inf. 
Vs 
Eff. 
Compar. 
of Filt. 
Eff. 
Compar. 
of Filt. 
Removal 
TTHM 
[ug/L] 
Chlor BW 
Effluent 
9 0 5.81E+01 5.55E+01 8.35E+00 5.78E+00    b  
TTHM 
[ug/L] 
Std Bio 
Effluent 
9 0 5.71E+01 6.27E+01 1.87E+01 1.29E+01    a/b  
TTHM 
[ug/L] 
Nutrient 
Effluent 
9 0 5.82E+01 5.98E+01 1.33E+01 8.45E+00    b  
Turbidity 
[NTU] 
Plant 
Influent 
307 0 6.30E-01 6.98E-01 3.25E-01 2.97E-01    c  
Turbidity 
[NTU] 
Outer 
Control 
Effluent 
82 0 3.30E-02 4.01E-02 1.81E-02 8.90E-03    a  
Turbidity 
[NTU] 
Control 
Effluent 
80 0 4.10E-02 4.36E-02 1.80E-02 1.19E-02    a  
Turbidity 
[NTU] 
Chlor BW 
Effluent 
77 0 3.90E-02 4.71E-02 2.41E-02 1.48E-02    a  
Turbidity 
[NTU] 
Std Bio 
Effluent 
86 0 5.95E-02 6.45E-02 2.46E-02 2.30E-02    b  
Turbidity 
[NTU] 
Nutrient 
Effluent 
89 0 5.40E-02 6.19E-02 3.14E-02 3.11E-02    b  
UFRV 
[gal/ft^2] 
Outer 
Control 
83 0 1.30E+04 1.35E+04 2.44E+03 2.78E+03    a  
UFRV 
[gal/ft^2] 
Control 82 0 1.26E+04 1.25E+04 2.53E+03 2.70E+03    a/b  
UFRV 
[gal/ft^2] 
Chlor BW 80 0 1.31E+04 1.32E+04 3.23E+03 3.10E+03    a/b  
UFRV 
[gal/ft^2] 
Std Bio 86 0 1.24E+04 1.22E+04 2.48E+03 2.81E+03    b/c  
UFRV 
[gal/ft^2] 
Nutrient 91 0 1.08E+04 1.11E+04 3.44E+03 3.34E+03    c  
UVA 
[1/cm] 
Control 
Influent 
35 0 2.40E-02 2.35E-02 3.67E-03 4.45E-03      
UVA 
[1/cm] 
Control 
Effluent 
35 0 2.50E-02 2.47E-02 5.11E-03 5.93E-03 
-0.001 
1/cm 
-4.17% * a a 
UVA 
[1/cm] 
Chlor BW 
Influent 
32 0 2.60E-02 2.72E-02 5.27E-03 5.93E-03      
UVA 
[1/cm] 
Chlor BW 
Effluent 
32 0 2.60E-02 2.59E-02 5.49E-03 5.19E-03 0 1/cm 0% * a b 
UVA 
[1/cm] 
Std Bio 
Influent 
35 0 2.60E-02 2.68E-02 5.27E-03 5.93E-03      
UVA 
[1/cm] 
Std Bio 
Effluent 
36 0 2.45E-02 2.47E-02 4.48E-03 5.19E-03 
0.0015 
1/cm 
5.77% * a b 
UVA 
[1/cm] 
Nutrient 
Influent 
33 0 2.80E-02 2.74E-02 4.97E-03 4.45E-03      
UVA 
[1/cm] 
Nutrient 
Effluent 
32 0 2.60E-02 2.60E-02 5.04E-03 4.45E-03 
0.002 
1/cm 
7.14% * a b 
Wash 
Time 
[min] 
Outer 
Control 
83 0 8.00E+00 8.17E+00 5.59E-01 0.00E+00    a  
Wash 
Time 
[min] 
Control 82 0 8.00E+00 8.17E+00 5.62E-01 0.00E+00    a  
Wash 
Time 
[min] 
Chlor BW 80 0 8.00E+00 8.53E+00 8.86E-01 0.00E+00    b  
Wash 
Time 
[min] 
Std Bio 88 0 8.00E+00 8.50E+00 1.52E+00 0.00E+00    a/b  
Wash 
Time 
[min] 
Nutrient 91 0 1.00E+01 1.06E+01 3.07E+00 2.97E+00    c  
 
  
127 
 
 
Figure B-1. Boxplot comparison (A) and time series plot (B) of HPC concentrations in 
the water of biological and non-biological filters. Letters (i.e., a, b, c, etc.) denote 
statistically significant differences among the filter’s effluent concentration by the 
Wilcoxon score test. Graphs are plotted on a log scale. 
A 
B
A 
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Figure B-2. Boxplot comparison of biological and non-biological filters for chlorine 
residual at the filter influent over the entire study. Letters (i.e., a, b, c, etc.) denote 
statistically significant differences among filters by the Wilcoxon score test. 
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Figure B-3. Time series plot of TOC, DOC, UVA, and CBXAs over the entire study. 
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Figure B-4. Time series plot of temperature at the plant influent throughout the study. 
 
 
Figure B-5. Time series plot of pH at the plant influent and effluent throughout the study. 
131 
 
Figure B-6. Time series plot of DO at the influent and effluent of the biological and non-
biological filters throughout the study. 
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Figure B-7. Time series plot of TDS at the plant influent and effluent throughout the 
study. 
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Figure B-8. Time series plot of biological and non-biological filters for filter run time 
throughout the entire study. 
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Figure B-9. Time series plot of terminal head loss of the non-biological and biological 
filters throughout the study. 
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Figure B-10. Time series plot of the loading rates of the non-biological and biological 
filters throughout the study. 
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Table B-2. Plant average monthly influent turbidity over the last three years. 
Month 
Influent Turbidity (NTU) 
2015 2106 2017 
January 0.5 0.6 1.2 
February 0.5 0.5 1.1 
March 0.5 0.5 1.0 
April 0.4 0.8 1.1 
May 0.4 0.6 0.8 
June 0.4 0.4 0.6 
July 0.3 0.4 0.6 
August 0.3 0.5 0.5 
September 0.4 0.6 0.5 
October 0.5 0.4 - 
November 0.6 0.5 - 
December 0.5 0.8 - 
 
 
 
Figure B-11. Organic carbon removal (TOC, DOC, acetate, and formate) throughout the 
length of a filter run. 
